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Abstract
Legionnaires' disease is a potentially fatal form of pneumonia which can affect
human, but principally affects those who are susceptible and predisposed to infection
due to old age, illness, immunosuppressed and patients at risk. Legionnaires' disease
is caused by Gram negative rod bacteria called Legionella pneumophila. An
estimation of 8,000 to 18,000 are actually of confirmed cases of Legionnaires'
disease per year in the USA. In the UAE, there has been an increase in the number of
cases of Legionnaires’ disease which are associated with recent travel to Dubai.
Incidents doubled between October 2016 and August 2017. Legionella pneumophila
is found virtually in most natural aquatic and soil environments, and also can be
found in man-made habitats, such as cooling towers, spas and water distribution
systems. To reduce or eliminate the risk of Legionellosis, it is necessary to minimize
the concentrations of Legionella in the affected system, and/or prevent Legionella
transmission from the affected system to susceptible individuals. Decontamination of
contaminated water systems usually preformed by "superheating" raising the water
temperature to at least 70ºC for 24 hours and flushing each outlet for 20 minutes.
Alternative method is the use of metal ions, such as chlorine, copper or silver in
solution. The major aim of the present thesis was to search for a safe method to
reduce the presence of Legionella in water samples in the UAE by using super lytic
polyvalent phages. Two phages were isolated from waste water samples and were
tested for its activity against L. pneumophila. The two phages were then be
propagated, cultivated and used to treat water samples in order to reduce the
population densities of L. pneumophila. The application of the two phages in
environmental water samples amended with L. pneumophila significantly (P < 0.05)
reduced the population densities of L. pneumophila compared to the treatments
which included the application of living L. pneumophila alone. The outcome result of
the current thesis might introduce an environmentally friendly procedure to replace
the application of chemical disinfectants currently in use in the UAE.

Keywords: Legionella, Legionnaires, phages, environment, environmental friendly,
decontamination, treatment, waste water, UAE.
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)Title and Abstract (in Arabic

استخدام الفيروسات آكالت البكتيريا للسيطرة على بكتيريا الليجونيال في عينات الماء
البيئية
الملخص

مرض الليجيونيرز ( )Legionnaires' diseaseهو شكل مميت من االلتهاب الرئوي
الذي يمكن أن يصيب اإلنسان  ،لكنه يؤثر في المقام األول على األشخاص المعرضين لإلصابة
بالعدوى بسبب الشيخوخة والمرض ونقص المناعة والمرضى المعرضين للخطر .مرض
الليجونيرز تسببه بكتيريا عصوية سالبة لصبغة الجرام تسمى "ليجيونيال نيموفيال" ( Legionella

 . )pneumophilaتوجد حوالي  0888إلى  00888حالة مؤكدة من حاالت اإلصابة بمرض
الليجيونيرز لكل عام في الواليات المتحدة .في اإلمارات تضاعفت عدد حاالت اإلصابة بمرض
الليجونيرز كنتيجة للسفر إلى دبي بين أكتوبر  6802وأغسطس  .6802تتواجد بكتيريا
الليجيونيال نيموفيال في معظم البيئات الطبيعية  ،ويمكن العثور عليها أيضا في البيئات التي هي
من صنع اإلنسان  ،ومنها أبراج التبريد والمنتجعات الصحية وأنظمة توزيع المياه .لتقليل أو
إزالة خطر اإلصابة بمرض ( )Legionellosisمن الضروري تقليل تراكيز الليجيونيال في
النظام الملوث بها ومنع انتقال بكتيريا الليجيونيال من النظام الملوث إلى األفراد المعرضين
لإلصابة  .تطهير أنظمة المياه الملوثة عادة ما تكون مسبوقة بـ "فرط التسخين" لرفع درجة
حرارة الماء إلى  28درجة مئوية على األقل لمدة  62ساعة ثم طرد الرواسب من كل المنافذ
لمدة  68دقيقة .الطريقة البديلة لذلك هي استخدام أيونات المعادن  ،مثل الكلور والنحاس والفضة
في المحلول .الهدف الرئيسي من هذه األطروحة هو البحث عن طريقة آمنة لتقليل تواجد
الليجيونيال في عينات المياه في دولة اإلمارات باستخدام الفيروسات القمات البكتيريا ( super

 )lytic polyvalentو التى تم عزل اثنين منها من مياه الصرف الصحي  ،ثم تم اختبار نشاطها
ضد الليجيونيال .بعد ذلك تم إكثار الفيروسات وزراعتها واستخدامها لمعالجة عينات المياه.
أثبتت الدراسة الحالية قدرة هذه الفيروسات على االقالل من أعداد بكتيريا الليجيونيال عند
إضافتها للمياه مقارنة بالمعاملة و التي لم يتم إضافة الفيروسات إليها .قد تؤدي نتائج األطروحة
الحالية إلى تطبيق إجراءات صديقة للبيئة الستخدام الفيروسات آكالت البكتيريا كبديل جزئي أو
كلي الستخدام المطهرات الكيميائية المستخدمة حاليًا في دولة اإلمارات العربية المتحدة في
معالجة مياه أجهزة التبريد أو عينات المياه البيئية.

ix

مفاهيم البحث الرئيسية :ليجونيال ،مرض الليجونيرز ،فيروسات ،بيئة ،صديقة للبيئة ،تطهير،
معالجة ،مياه الصرف الصحي ،دولة اإلمارات العربية المتحدة.
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Chapter 1: Introduction

1.1 Legionella historical background
In recent years, more hospitals worldwide are faced with the increasing
problem of Legionella outbreaks particularly in cases where the Legionella was
associated with a water source (Lin et al., 2011). Legionella bacteria can cause two
respiratory diseases includes Legionnaires’ disease (LD), a severe form of pneumonia
and Pontiac fever, a self-limiting flu-like illness, collectively known as Legionellosis,
and is a common cause of pneumonia and other illnesses (Mraz and Weir, 2018).
The disease was first occurred in Pontiac, Michigan, USA in 1968 and the
causative agent was not recognized and they assumed to be a toxin due its effect. After
an outbreak in the United States in the summer of 1976 where 29 out of 182 affected
cases died. The agent was known due to an outbreak and the number of infected cases
who were attending a convention in Philadelphia of the American Legion. A bacillus
Gram-negative bacteria was isolated and confirmed to be the cause (Mraz and Weir,
2018). Once the cause of the pneumonia outbreak was isolated from infected lung
tissue, it was named Legionella pneumophila – Legionella was taken from the affected
American Legionnaires, and pneumophila is derived from a Greek word meaning
“lung-loving” (EPA, 1999).
Many experts played a role in the studies of the Philadelphia Legionnaires
situation and reached a critical outcome. Winn (1988) reports that Joseph McDade
made the discovery which led to the identification of the bacteria in 1976 by some
valuable evidence. McDade was able to see Gram-negative bacilli in guinea pigs
which had been inoculated with the affected lung tissue. He also noticed a significant
reaction between patients’ antibodies and the bacterium of the infectious disease
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through the use of indirect immune-fluorescence technique. From these observations, a
new family of infectious bacteria was identified (Winn, 1988). The organisms
diversity in the environment put obstacles to isolate Legionella spp., where this
fastidious bacteria do not grow on standard media, which is one of the reasons it was
not discovered before 1976 (Fink and Gilman, 2000).
After the outbreak that gave the disease its name, the world faced many
outbreaks of LD occurred in European countries, frequent incidents were noticed in
Spain and Great Britain. In Murcia, Spain. about 449 cases were verified as
Legionnaires’ disease attributable to the cooling towers of a hospital, where it was a
source for the most frequent occurrence of Legionella infections in the surrounding
area to date (Walser et al., 2014).
1.2 Legionella and Legionellosis disease
Since Legionnaires’ disease was identified, characterization of the strains
isolated from patients has led to the creation of a new bacterial genus, Legionella,
belonging to the family Legionellaceae (WHO, 2007). As indicated by McDade’s
observations, Legionella are Gram-negative bacteria which typically contain lipopolysaccharides (LPS) which have an endotoxic function (Winn, 1988); they are rodshaped, obligatory aerobic, slow-growing, and non-fermentative organisms with a
special need for L-cysteine and iron salts for its growth (CDC and NIH, 1999); and are
associated with respiratory infections and complaints (EPA, 1999).
Legionella colonies can grow within 3–5 days of incubation. Its colonies
characterized by size 0.5–1 mm in diameter, flat, smooth, with a typical ground-glass
appearance and a shining color (Cunha et al., 2016). When Legionella does not form
spores and is non-acid-fast, though L. micdadei in vivo is an exception. The Legionella
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is an un-encapsulated Bacilli that typically measures between 0.3 and 0.9 μm in width
and 2 to 20 μm in length. The agar medium shown to support the growth of L.
pneumophila was developed from charcoal yeast extract agar supplemented with Lcysteine and ferric pyrophosphate (Winn, 1988).
After incubation, Gram staining should be used for the suspected Legionella
colony to test for small and filamentous Gram-negative rods then cultivated onto two
types media in both the presence and the absence of L-cysteine to confirm reliance on
the mentioned amino acid. The identification of Legionella at the species level
requires more than routine laboratory testing methods. More complicated tests that can
be used include: growth requirements; fatty acid, carbohydrate, or ubiquinone
analysis; phenotypic characteristics; protein profiling; serological identification
through agglutination of fluorescent antibody technique; and various other molecular
techniques (Cunha et al., 2016). Currently, there are 48 identified Legionella species;
20 of them are able to cause disease in humans, such as Legionella pneumophilia,
which is considered the most infectious form (CDC and NIH, 1999).
Legionnaires’ disease lacks characteristic symptoms, and there is no typical
syndrome or distinctive clinical signs; in fact, not everyone exposed to the bacterium
will show signs. However, several clinical signs are linked to LD more than with other
causes of pneumonia. Table 1 lists the most common symptoms of Legionnaires’
disease and Pontiac fever (WHO, 2007).
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Table 1: The common symptoms of Legionnaires’ disease and Pontiac fever

The symptoms of Legionnaires’ include coughing; shortness of breath or
trouble breathing; fever higher than 38.8°C; muscle pain; chest pain; diarrhea;
headache; nausea or vomiting; tiredness/fatigue; and weakness (WHO, 2007; Cunha et
al., 2016). About half of the patients with Legionnaires’ disease develop purulent
sputum, and about one-third experience blood-streak sputum or cough up blood (a
condition referred to as haemoptysis). Chest pain, whether it is pleuritic in nature
(meaning an infection of the lining of the lungs) or non-pleuritic, is significant in
about 30% of patients. Gastrointestinal symptoms are prominent, with nearly half of
patients experiencing watery diarrhea and 10-30% experiencing nausea, vomiting, and
abdominal pains. Fever is present in nearly all cases, with fever associated with chills
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developing within the first day (WHO, 2007). Legionnaires’ disease is treated with
antibiotics, and is usually complete, after several weeks or months. Death occurs in
pneumonia patients complicated progressively by respiratory failure and/or shock and
multi-organ failure e.g. circulatory shock and kidney failure (Van Riemsdijk-van
Overbeeke, and van den Berg, 1996).
According to Goetz's (1998), surveillance for hospital-acquired pneumonia,
there are various factors which can increase the risks of contracting Legionnaire’s
disease after exposure to Legionella infected water sources. People who are at
significant risk for Legionellosis include the elderly (being over fifty years of age);
cigarette smokers; individuals with chronic pulmonary disease (CPD); patients with
respiratory difficulties, and immunosuppressed patients, such as patients who have
received an organ transplant (Goetz et al., 1998; CDC and NIH, 1999). Overall, the
risk of contracting Legionnaires' disease is dependent on personal risk profiles and the
concentration of pathogenic bacteria (WHO, 2018).
Various studies have demonstrated that the pathogenesis and ecology of
Legionella are connected. Rowbotham was the first who showed that L. pneumophila
could infect amoeba and described the life cycle of Legionella in amoeba. Classic
experiences of Horowitz demonstrated that L. pneumophila multiplied intracellularly
in human macrophages by avoiding phagosome-lysosome fusion. The interaction of
virulent Legionella with phagocytic cells can be arranged into several steps or phases:
binding of the microorganisms to receptors on the surface of eukaryotic cells;
penetration of the microorganisms into phagocytes; escape from bactericidal attack;
formation of a replicative vacuole, which is a compartment within a cell where
bacterial replication occurs; intracellular multiplication; and killing of the host cell.
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Legionella have a similar life-cycle in protozoa found in soil and water as well as
human macrophages, as summarized in (WHO, 2007) (Figure 1).

Figure 1: Life-cycle of Legionella in the host cell of human macrophages and protozoa

Once Legionella infects a person (either through aerosol or aspiration), it
focuses on infiltrating the lungs. Strains are phagocytosed by alveolar macrophages
and remain intact inside the phagocytes. Strains can then multiply inside the
phagocytes and prevent fusion between phagosomes and lysosomes. This process
leads to the macrophage death, releasing a large amount of bacteria from the cell. The
bacteria can then attack other macrophages which increases bacterial concentrations in
the lungs. The pathogenesis of L. pneumophila has been clarified through the
identification of genes that allow the organism to avoid the endocytic pathways of
both protozoan and human cells, and this ability is a distinctive to this species (WHO,
2007).
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1.3 Legionellosis transmission
Legionella can be found in naturally-occuring aquatic environments and
manmade aquatic structures found in buildings’ water supplies, decorative fountains,
faucets and shower heads, air condensation systems, air conditioning systems,
humidifiers, cooling towers, pools, whirlpools and spas, hot tubs, and fountains
(Lammertyn et al., 2008) domestic plumbing systems, water outlets, respiratory
devices and nebulizers, or naso-gastric tubes in hospitals. Factors such frequency,
duration of exposure and distance from the source all are collaborate to get the disease
(Cunha et al., 2016).
Cooling towers have been implicated in several major outbreaks of
Legionellosis (Kirrage et al., 2007). Outbreaks of Legionellosis are generally
identified as nosocomial (e.g. hospital-acquired), acquired in the context of travel, or
community-acquired (EPA, 1999). Approximately 8,000 to 18,000 people need a
hospital admission due to Legionnaires' disease each year in the USA (CDC and NIH,
1999). According to surveillance that was done for Legionellosis in the United States
between 2011-2013 about 9 cased per 100 patients who gets infected with
Legionnaires’ disease will die due to complications from their illness (Dooling et al.,
2015).
Inhalation of infectious aerosols is the mostly transmitted mode of
Legionnaires’ disease. Other less common modes are micro-aspiration of
contaminated water or direct contact with surgical wounds (Cunha et al., 2016) which
is most commonly occurred in the case of immuno-suppressed patients, along with
systemic infection transmission (Prussin II et al., 2017). An infected source like a
fountain can disseminate sprays or droplets of water, usually referred to as aerosols,
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containing Legionella. When this occurs, most or all of the water in the droplet
evaporates quickly, leaving airborne particulate matter that is small enough to be
inhaled. Particles measuring less than 5 µm in diameter can be deeply inhaled,
entering the respiratory airways and leading to Legionellosis (WHO, 2007). Aspiration
occurs when fluid from the mouth or stomach comes into the lungs due to
physiological barriers problem, such as the case of recumbent patients or throat
difficulties patients (Prussin II et al., 2017).
Legionella infections have frequently been associated with sources at distances
of up to 3.2 kilometres from a known infection locale; recent evidence suggests that
infection may be possible at even longer distances (WHO, 2007). According to
Nguyen (2006), research has shown that L. pneumophila can spread by airborne
transmission to approximately 6 km from its source. This research updated the
previous information about bacterial transmission which suggested it was restricted to
short distances (Nguyen et al., 2006).
There is evidence that virulence is an important factor in the survival of
Legionella in aerosols, with the most virulent strains surviving longer than their less
virulent counterparts. There is no evidence suggesting the possibility of person-toperson transmission of either Legionnaires’ disease or Pontiac fever (WHO, 2007).
However, Correia et al., (2016) suspect that person-to-person transmission probably
does occur. They assert this probability as a consequence of a story regarding a
previously healthy 74-year-old woman, known as Patient 2, who cared for her severely
ill son, a 48-year-old man referred to as Patient 1, who was a smoker and had severe
respiratory symptoms. Her son had been employed as a maintenance worker at an
industrial cooling tower complex in Vila Franca de Xira, Portugal, in 2014 that was
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subsequently found to be contaminated with Legionella pneumophila (Correia et al.,
2016). Cumulative exposure to the source (i.e., frequency, duration, and distance) is a
risk factor for disease acquisition (Cunha et al., 2016).
In the early 1980s, a survey initiated in hospitals and hotels determined that an
association between the presence of Legionella pneumophila in the water system and
the air conditioning plants and the occurrence of hospital-acquired Legionellosis.
According to World Health Organization (WHO) (2007), hospital-acquired/health-care
acquired/nosocomial infections are defined as a being contracted during a stay in a
hospital (WHO, 2007).
In Europe, about 20% of Legionellosis that have been occurred are assumed to
be due to travel. A major type of travel-associated pneumonia connected to
Legionnaires’ disease, which create difficulties in be aware of the source of infection
(WHO, 2007).
Over the past 10 years in Pittsburgh, Legionnaires’ disease accounts for 2% to
9% of cases of community-acquired pneumonia (Stout and Yu, 1997). Community
infection cases are defined as "cases linked by area of residence or work, or places
visited, and sufficient closeness in dates of onset of illness" prior to the individual
seeking health service (WHO, 2007).
1.4 Legionella and cooling towers
Kirrage et al., (2007) carried an investigation to control of a community
outbreak of Legionnaires’ disease in Hereford, UK, in November 2003 and concluded
that the cooling towers were the most likely source of the outbreak (Kirrage et al.,
2007).
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Currently, biological contamination is ranked as the severe third type of indoor
air hazards after poor ventilation and the chemical contaminants as indicated by
National Institute for Occupational Safety and Health (NIOSH). The presence of water
is common in microbial contamination as the case in humidifiers, water-damaged
materials, and successive dispersal of the organisms and cooling towers through
heating, ventilation, and air conditioning (HVAC) system. Several building-related
illnesses can arise as a result of people having exposure to Legionella spp. In most
cases of epidemic illness that have been reported across the world, the primary source
of the disease has been found to be water which arises due to factors such as the
existence of cooling towers (Fink and Gilman, 2000).
In Europe, aerosols dispensed by cooling towers and spas frequently are
causing local Legionellosis outbreaks within people, regardless of strict control and
monitoring measures create the most significant threat to public health (ECDC, 2016).
Increased incidence partially forced people to understand Legionella transmission as
well as the associated risk factors in the built environment and in the devices, that may
be essential for Legionella control and can assist to reduce the number of
Legionellosis cases in the future (Prussin II et al., 2017).
Cooling towers, evaporative condensers, and most systems often use of fans to
move air via re-circulated water systems. As a result of this, there is an allowance of
water vapor and at times droplets being generated to the environment (CDC, 2003).
Cooling towers are used in most large commercial and residential buildings,
industrial power generation units, and in chemical, petrochemical, and petroleum
industries to disseminate waste heat into the environment have been determined to be
a source for dissemination of human pathogens. Cooling tower systems (CTSs)
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represent an important source and reservoir for Legionella growth; they have a large
volume of water open to the atmosphere, a temperature maintained between 20°C and
35°C, and they contain some elements such as carbon and nutrients from atmospheric
sources (Iervolino et al., 2017). This happens when there is lack of proper
maintenance and disinfection. When a person breathes water droplets containing
Legionella bacteria, thus exposed him to acquired Legionnaires’ disease (CDC and
NIH, 1999).
Kusnetsov et al., (1997) carried a study that involved efficiency of 3 different
preventive plans available for reducing of Legionella in the cooling system. These
strategic ways included (i) lowering of water temperature (ii) improving water quality
(iii)

disinfecting

the

system

with

by

use

of

either

polyhexamethylene

biguanidechloride (PHMB) biocide or with 2-bromo-2-nitropropane-1,3-diol (BNPD)
biocide. From the study, it was shown that the most effective way of decreasing
concentration level of the Legionella that is within the cooling system was through
making the temperature of water to be lower. Besides, the addition of BNPD or PHMB
in the water resulted in a decrease in the concentration of both heterotrophic and
Legionella microorganisms that exist in the water that is cooling. However, a
disadvantage may arise due to adding the biocides into the cooling water were that it
only lasted for a short period. Thus, the most suitable primary practices to be
employed to reduce on the level of growth of bacteria in the cooling systems include
the improvement on water quality and making the water temperatures to be lower.
Moreover, there is a need for incorporation of regular biocide treatments in the
maintenance procedures; this can be done in cases where the level of efficacy is low or
where there are no technical improvements of the system (Kusnetsov et al., 1997).
Table 2 below indicates examples of evaluation of the alternative Legionella as

12
published by The Association of Water Technologies (AWT, 2003).
Table 2: Examples of evaluation of the alternative Legionella
Chlorination
Shock treatment at 20 to 500 ppm provides only temporary results and is corrosive to
pipes and produces potentially carcinogenic DBP's. Continuous chlorination at 1-2 ppm is
not effective. Chlorine is significantly less effective in hot water systems which are the
main foci of Legionella proliferation.
Ultra Violet Radiation (UV)
Provides effective point of source disinfection only, but no residual and thus not effective
for systems already contaminated. High energy costs and requires very clean water with
low turbidity and suspended solids.
Ozonation
Similar limitations as UV.

1.5 Legionella epidemiological situation in UAE
In 2017, according to Asma Zain, an editor in Khaleej times newspaper (July,
2017), there was a concern about Legionnaires' disease in Dubai, United Arab
Emirates (UAE). The alarm started after an Irish person contracted the disease on a
recent visit to Dubai. The risk of contracting the disease increased for those aged over
50, and those with health problems (Zain, 2017).
There has been an increase in the number of cases of Legionnaires’ disease
which are associated with recent travel to Dubai. Incidents doubled between October
2016 and August 2017, which prompted a warning for Europeans travelling to the
UAE. Cases had already been rising by 40% annually since 2011, and this indicated
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that the problem was worsening at a rapid rate. Of great concern to the
epidemiological analysis was the fact that the affected persons had not stayed in a
single accommodation, and there was no indication of a common factor between the
travellers. This raised the possibility that the source of the Legionella contamination
could be a systematic or broader issue (Dabrera et al., 2017).
According to European Centre for Disease Prevention and Control (ECDC,
2016), the ECDC ELDSNet surveillance scheme on travel-associated Legionnaires’
disease (TALD), reported the doubling of cases observed in October and November
2016 (22 cases), compared with same period in 2015 and 2014 (10 and 11 cases,
respectively) which led to rapid risk assessment (Figure 2).

Figure 2: Legionella Europeans travelers cases with history of stay in Dubai, United
Arab Emirates, between 2014−2016
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About 26 cases are stayed within 22 sites in Dubai. The distribution of
accommodation sites frequented by cases during their stay in Dubai is geographically
widespread (ECDC, 2016) (Figure 3).

Figure 3: Accommodation sites in Dubai where Legionella cases stayed, December
2016

The source of the Legionella contamination remains unknown, despite a series
of investigations which included a meeting of the World Health Organization in 2017.
However, it seems that the water distribution system has been contaminated and that
Legionella has accumulated over time (WHO, 2018).
There is some research that even precedes the outbreak that notes that the level
of chlorination required to prevent Legionella bacteria from colonizing in outdoor
swimming pools exceeds that which is recommended for human exposure and could
cause adverse health effects (Jacob and Cherian, 2015). This is where the need for
alternative methods is important. The concern is heightened by the rapid rise in cases,
but also because of the context of Dubai in terms of increasing the attractiveness of the
city for tourism and conferences (ECDC, 2016).
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1.6 Environmental conditions and Legionella growth
CDC (2011) stated that based on the USA Data, there was a triple increase in
the crude national occurrence of Legionnaires’ disease, rising from 3.9 cases per
million population in 2000, to 11.5 cases per million population in 2009 (CDC, 2011).
Incidents with 62% of cases taking place during summer and early autumn which be
evidence for seasonal variation as shown in Figure 4. The yearly incidence of
Legionnaires’ disease could be linked to climate changes, such as increased
precipitation (Cunha et al., 2016).
Legionella tend to grow in biofilm and can easily adapt to conditions within
water distribution systems (WHO, 2007). Bacteria increase in warm water and able to
colonize hot-water tanks at a temperature range from 40 to 50°C (CDC and NIH,
1999).
Without cleaning, Springston supposed that, a buildup of algae, fungi,
protozoa, dirt and biofilm can occur in the system. Such build up can cause a great
demand on a biocide and may prevent it from making contact with. Biofilm and scales
are not only considered as sources of nutrients for L. pneumophila, but they also
provide protection from thermal and chemical treatment against microorganisms
(Springston and Yocavitch, 2017).
Fortunately, Legionella have been confirmed to be slow-growing bacteria
which are highly affected by environmental conditions. Temperature is an important
factor in Legionella’s multiplication and transmission. Growth of Legionella has been
recorded between 20°C and 45°C, while the best amplification range is between 35–
45°C (WHO, 2007).
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Garcia-Vidal et al., analyzed the rainfall data from meteorological service and
they found that there was a relationship between cases of L. pneumophila and rainfall
average. The sensitivity of the bacteria to temperature noticeable as seasonal changes
in risks as well, with more nearly two thirds of cases occurring in the warmest months
(Garcia-Vidal et al., 2013).
Konishi et al., (2006) explored L. pneumophila growth cultured in the
laboratory at temperatures of 30°C-47°C (Konishi et al., 2006). Figure 4, shows a
seasonal variation where the highest proportion of cases occurred during the summer
and early fall (CDC, 2011). These bacteria are acid tolerant where they have been
isolated from a source with a pH of 2.7 till 8.3 (WHO, 2007).

Figure 4: Legionellosis cases occurring annually demonstrates seasonal and
geographic variability — United States, 2000–2009

1.7 Control of Legionella growth
The importance of assessing and controlling L. pneumophila growth in public
buildings is increased. Prevention and control will minimize the chance to develop
respiratory disease and can also avoid excessive use of disinfectants. To reduce or
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eliminate the risk of Legionellosis, it is necessary to minimize the concentrations of
Legionella in the affected system, and/or prevent the transmission of Legionella from
the affected system to susceptible individuals (WHO, 2007).
A variety of methods are used to keep Legionella from infecting water
systems, which has the potential to cause an outbreak of Legionnaires’ disease. The
two main approaches are decontamination/disinfection and preventative sanitation.
1.7.1 Disadvantages of temperature use
Decontamination of contaminated water systems usually consists of
"superheating"(WHO, 2007). Superheating is sometimes referred to as superheat-andflush applied by raising the temperature of water to at least 70°C, for 24 hr, and
flushing through the outlet for up to 30 minutes. The temperature at the outlets should
reach at least 60°C (Springston and Yocavitch, 2017).
Since Legionella reacts favourably to slightly warmer temperatures,
superheating the system followed by flushing results in creating a mostly unfavourable
situation for the growth of Legionella. Unfortunately, the method has several
disadvantages, including only short-term effectiveness, higher costs and risks of harm
to operators or users of the system during the process and present of scalding risks
(Stout et al., 1998).
1.7.2 Disadvantages of chlorination use
Periodic chlorination serves as a decontamination of Legionella in water
systems, it is usually accomplished by adding sodium hypochlorite until the free
residual chlorine produced is about 10 parts per million (ppm) (Springston, 1999).
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The disadvantage of chlorine use is that it is very corrosive and will shorten the
service life of metal plumbing and it will not penetrate any scale layers (Springston,
1999). Furthermore, it is the most expensive disinfection modality. Chlorination is
often ineffective at penetrating biofilm in water pipes, and these leads to the dual
problem of increasing chlorine in the water while Legionella persists in that system
(Lin et al., 2011). Exposure to chlorine by-products could cause adverse health effects
such as respiratory problems and allergic sensitization as well as the introduction of
carcinogens into the drinking water (Jacob and Cherian, 2015).
1.7.3 Disadvantages of chlorine dioxide use
Chlorine dioxide (ClO2) as an option for Legionella control was first initiated
in Europe, and most systems failed. There can be a further issue for systems located in
warm conditions or climates. Warmer temperature reduces the efficacy of chlorination
as the chlorine dioxide decays more rapidly into chlorite, and this requires increasing
the concentration of the chlorine dioxide. In effect, this method is not useful at these
temperatures and limits the use to cold water supplies only (Lin and Yu, 2015).
Additionally, it must be generated onsite to be successful in treatment, involves
possible health concerns, and high costs for small applying area such as hospitals and
hotels (AWT, 2003).
1.7.4 Disadvantages of copper–silver ionization use
Ionization chambers containing copper- silver electrodes installed on water
lines, where it release positively charged ions into the water stream and provide an
important biocidal affect. The positively charged ions then connect to negatively
charged bacteria cell wall sites, causing alteration in cell wall permeability which
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leads to bacteria lysis and death (Springston and Yocavitch, 2017).
The use of metal ions dissolved in a solution has been a successful way of
preventing and controlling bacterial infections in water which will not be used for
drinking or cooking. Silver and copper have both been used effectively in swimming
pools, but there are concerns that the approach is weak in comparison to the use of
disinfectant (Jacob and Cherian, 2015), water with pH greater than 8.0, may limit the
effectiveness of ionization due to precipitation of the copper ions and Silver ion levels
are significantly decreased by adding chloride and lowering biocidal effectiveness
(Springston and Yocavitch, 2017). Moreover, the initial equipment cost is high and
creates health risks when applied in drinking water, which may limit their use in
addition to problems of corrosiveness (AWT, 2003).
Legionella develop tolerance to metal ions over time, with one study reporting
that resistance to silver ions in a persistent infection can develop over a period of just a
few years (Stout et al., 1998).
1.7.5 Disadvantages of point-of-use filtration
Another approach is filtration by end-users which is devices designed to treat
small amounts of water by reducing contaminants through connecting to individual
faucets and showers, or by installing under the sink (Springston and Yocavitch, 2017).
However, the use is limited to high-risk regions particularly intensive care
units and transplant units. The recommendation is that the filtration has a 0.2 mm pore
size or smaller. Filtrating mechanisms can be installed at the point of use. Use of
filters is usually more cost-effective and better tolerated by patients. This is a method
which can offer some support in disinfection cases, but Legionella resistance is a
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continuing problem and be successful to control Legionella, only if ion levels are
monitored (Lin et al., 2011).
1.7.6 Legionella control by preventative sanitation
As a way of prevention, Germany has build up a system that has reduced the
concentration of Legionella as an outcome in central parts of building plumbing
systems. However, it was found that the stagnation of water at the point of use such as
the faucet and water tanks, should be monitored (WHO, 2018).
Therefore, cleaning of the system is very important in the overall control of
Legionella. Without cleaning, a formation of algae, fungi, protozoa, dirt and biofilm
can occur in the water system. Such build up can cause a great demand on a biocide
and may prevent it from making contact with microorganisms. At a minimum, cooling
towers or water tank should be bled and flushed twice a year. All surfaces should be
thoroughly cleaned and allowed to air dry (WHO, 2007).
Biofilm prevention is an important control measure against the proliferation of
Legionella since, once established, it is difficult to eliminate. The production of
biofilm is due to many factors including, the use of disinfectants and other chemicals
which result in scales and corrosion, the presence of nutrients sources (source water
and water system materials), will benefit from warmer water temperature, as well as
water stagnation (Cunha et al., 2016). Legionella spp are able to adapt toward little
water or nutrient environments, by going into a slow metabolic non-replication state,
and this can result in difficulty when determining the contamination source and
probably be more resistant to biocides (Stout et al., 1998; Cunha et al., 2016).
Although the traditional ways explained above are recommended to use for the
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reduction and elimination of Legionella, it enhances Legionella accumulation in the
water system, possibly by facilitating the formation of biofilm, which in return acts as
a shelter for Legionella spp. or providing sources of nutrients for Legionella growth.
The number of Legionella outbreaks grows yearly, despite all safety actions and
regulations. Therefore, we can use alternative way.
1.8 Bacteriophages as an alternative
The first person to attempt the usage of Phage therapy in therapeutic treatment
to humans was d’Herelle. The trials initially gave remarkable results in utilization of
phage therapy; however, the overall findings were quite controversial. The reason the
findings were controversial were because of issues such as lack of adequate quality
control and failure to have and utilize control groups to compare the results.
Unfortunately, this resulted in a loss of interest in phage therapy for human therapeutic
treatment. Further development and usage of chemical antibiotics increased, thus
resulting in the interest in phage therapy decreasing extensively within the United
States. Phage therapy investigations did continue in the Soviet Union, Eastern Europe,
and France (Haq et al., 2012) .
Janez and Loc-carrillo (2013) demonstrated how bacteriophages could avert
the skin grafts destruction in guinea pigs. Furthermore, the therapy showed strong
potential in protecting mice against lethal levels of bacterial infection (Janez and Loccarrillo, 2013). Because of the growing resistance to antibiotics, as well as the positive
results of studies conducted, the conclusion of many scientists is that bacteriophages
could essentially be a very effective medical treatment. This conclusion paved the way
for several groups to gain interest at looking into bringing the technology of
therapeutic bacteriophage back from the former Soviet bloc, which was now
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accessible following the fall of the old communist regimes several years earlier
(Harper, 2012).
1.8.1 Phages discovery and biology
Félix d’Hérelle, and Fredrick W. Twort were the recognized pioneers in the
discovery of phages independently at the beginning of 20th century. The particulate
nature of phages remained a controversial topic until they were directly visualized by
electron microscopy in 1940 (Chibeu, 2013). Bacteriophage translates as ‘bacteriaeater,’ derived from the Greek word phago, which means to devour or eat. D’Hérell is
noted as observing and noting a microscopic organism capable of lysing Shigella
cultures on plates that displayed clear spaces in the bacterial lawn, which he termed
plaques (Sulakvelidze et al., 2001).
In nature, phages frequently and occur particularly in terrestrial ecosystems
such as soil, as well as in open and coastal waters, and marine sediments (Ahmed et
al., 2012). Bacteriophages are bacterial viruses that kill bacterial cells by infecting the
cells with high specificity (Figure 5). The life cycles of bacteriophages typically can
be categorized into two classifications, which are lysogenic (temperate phage) and
lytic (virulent) cycles (Endersen et al., 2014). When phage vegetative multiplication
occurs, they ultimately kill their hosts. This is referred to as lytic life cycle.
Alternatively, some phages, which are known as temperate phages, have vegetative
growth and have the ability to assimilate their genome into their host chromosome,
reproducing with the host for many generations (Haq et al., 2012) as shown in figure 6
(Schrader, 2014). Anatomically, they encompass a core nucleic acid in the
arrangement of either DNA or RNA encompassed with a protein or lipoprotein capsid,
which is connected to a tail that interacts with numerous bacterial surface receptors
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through the tip of the tail fibers. An affinity is shown through this interaction, which is
specific to specific group of bacteria or to a particular strain (Teng-hern et al., 2014).

A

B

Figure 5: (A) Phage components (B) Electron micrograph of bacteriophages adsorbing
to a bacterial cell surface

Figure 6: Bacteriophage Lifecycles. After infecting its host, a bacteriophage can
undergo one of two lifecycles depending on the environment
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As illustrated by the wide variety of habitats within the environment they have
been secluded from, bacteriophages are existent in nature. Largely facilitated by the
noted emergence of multidrug-resistant bacteria in recent years, the utilization of
bacteriophages as a genuine biological tool or resource to reduce or eradicate bacterial
pathogens, has grown a renewed awareness and interest in medicine for the treatment
of infectious diseases in humans and animals. It has also shown the potential ability to
be used in food safety, wastewater treatment, and agriculture. Phages might also be
suitable for controlling or preventing biofilms on medical devices and in the
environment (Lammertyn et al., 2008).
Upon multiplication by taking over host protein machinery, phages either
cause cell lysis to release the newly formed virus particles, which is the lytic pathway,
or they lead to incorporation of the genetic material into the bacterial chromosome
without cell death, which is known as the lysogenic pathway. Regarding food safety,
strictly lytic phages are the most harmless possible antibacterial approaches available
(Sillankorva et al., 2012).
1.8.2 Legionella bacteriophages
Bacteriophages are generally considered safe in relation to the environment.
They are also noncorrosive, very effective for eradicating the levels of targeted
bacterial pathogens in the area intended without a damaging effect on the organoleptic
composition and without disrupting the normal and often beneficial microflora of
those targets such as foods (Sulakvelidze, 2013).
Compared to the human, animal, plant and insect hosts of other viruses, phages
proved to be most valuable in studies on virus phages and are relatively easy to rapidly
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cultivate in laboratories. Phages are also not relatively demanding regarding space,
equipment or facility necessities. Guelin was possibly the first individual to formally
recommend the utilization of phages as models and/or surrogates. This was based on
the results obtained through studies on the phages found in fresh and marine waters.
Since then, studies with individual coliphages have confirmed that many survive
longer in natural water environments than enteric viruses. Also, they are in any case,
as resistant as enteric viruses to frequently used disinfectants such as chlorine
(Grabow, 2001).
Legionella exist within biofilms in building water systems. Studies show more
frequent and larger findings of bacteria in swab samples of biofilm than found and
derived from flowing water. This suggests that most of the Legionella are biofilm
associated (Fields et al., 2002). Biofilm composed of a bacterial community producing
a hydrated extracellular polymeric substances (EPS) matrix of a heterogeneous nature,
made up of polysaccharides, proteins and lipids protects the bacteria against
medications, disinfectants, and numerous other environmental influences by numerous
mechanisms. Some of these mechanisms are strong adhesion and spatial protection
(Bárdy et al., 2016). Bacteria that are survived within biofilm express high ability to
resist agents, such as biocides and antibiotics. The level of such agents that is needed
to produce antibacterial effects can be over 1000 times greater than the level required
for free-living bacteria (Harper et al., 2014).
Bacteriophages have successfully been used against bacteria which has the
capability of biofilm production, which is responsible for serious complications in
persons inflicted with cystic fibrosis or burns, as well as against bio films that have
formed on medical equipment created by bacterial strains which are highly resistant to
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antibiotics. A prime example of this is during catheter insertion (Bárdy et al., 2016).
Bacteriophages act differently on bacteria contained within biofilms than do
chemical antibiotics or biocides. Indeed, phages have co-evolved with bacterial
biofilms, and thus, their infection of adherent bacterial populations would be expected.
There are about four mechanisms underlying this difference (i) bacteriophages
replicate within their host cells, resulting in localized increases in bacteriophage
numbers (amplification). This releases increasing numbers of infectious progeny
bacteriophages into the biofilm eliminating the bacteria producing the EPS material.
(ii) bacteriophages can carry or express depolymerizing enzymes that degrade the
EPS. (iii) bacteriophages can induce depolymerizing enzymes that degrade the EPS
from within the host genome. (iv) persister (inactive) cells can be infected by
bacteriophages; although bacteriophage cannot replicate within and destroy inactive
cells, they can remain within these bacteria until they reactivate and then commence a
productive infection, which then destroys the cells (Harper et al., 2014).
The utilization of Legionella bacteriophage produces great hope for future
studies and utilization such as the progress of novel molecular tools, the proposal and
integration of new detection and naming methods, as well as the bioremediation of this
environmental pathogen (Lammertyn et al., 2008). Lammertyn et al. (2008) was able
to isolate bacteriophage, which is capable of infecting bacteria of the genus
Legionella. These bacteriophages are further enriched by incubation in combination
with Legionella bacteria, which have a understandable and mappable morphology, and
furthermore, appear to be Legionella specific (Lammertyn et al., 2008).
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1.8.3 Phage therapy: phage vs. conventional antibiotics
The substitution of the conventional drugs in the field of veterinary and
medicine is referred to as phage therapy. Phage therapy is a form of biological control
mediated by microorganisms. It is applicable when dealing with chronic infections,
gastrointestinal afflictions, and localized infections (Abedon, 2014).
During twentieth century, there was a high development of antibiotics and
produced in large quantities to counter the increasing occurrence of microbial
infections. However, all this effort was useless with excessive and uncontrolled use
and the bacteria develop resistance against many antibiotics. The World Health
Organization has raised the alarm about the possibility of losing the control of diseasecausing microorganisms, WHO warned that “the world is on the brink of losing these
miracle cures -the antibiotics”. However, the bacteriophages can be effectively used to
provide solution to bacterial disease (Patel et al., 2015). Recently, there is increased
attention in bacteriophage as a possible antibiotic alternative to eliminate or control
harmful bacterial infections (Andreatti Filho et al., 2007).
Food industries have incorporated the application of biocontrol for food safety
improvement during the food processing steps, since the usage of bacteriophages as it
guarantees the food safety as well as reducing the chances of environmental pollution
that occur due to the use of disinfectants and chemical sanitizers. Currently,
conventional pathogen decontamination includes irradiation, physical techniques, and
the use of chemicals. However, none of them is 100% successful. Where there used
may corrode the food-processing equipment. Also, the toxicity of the chemicals, and
their ability to interfere with the organoleptic characteristics of some processed foods
(Sulakvelidze, 2013). These afore mentioned challenges are effectively solved using
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the bacteriophages as they maintain the flavor or texture during bioprocessing. and
reduce the proliferation of pathogens on poultry skin specially (Haq et al., 2012).
Moreover, the bacteriophages have proved to be more effective than antibiotics in the
treatment of infected animals as well as human infections (Sulakvelidze et al., 2001).
Table 3 shows some differences between phages and antibiotics (Patel et al., 2015).

Table 3: Comparison between bacteriophage therapy and antibiotics

1.8.4 Advantages of using phage therapy
The emergence of pathogenic bacteria resistant to most, if not all, currently
available antimicrobial agents has become a critical problem in modern medicine,
particularly because of the concomitant increase in immunosuppressed patients
(Abdul-Hassan et al., 1990; Harper et al., 2008). The concern that mankind is reentering the pre-antibiotics era has become very real and the development of
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alternative anti-infection modalities has become one of the highest priorities of
modern medicine and biotechnology (Krylov, 2014).
Usage of phage therapy has the following advantages; (i) they are extremely
specific only deal with targeted bacteria, and this excludes other cells from being
affected. This further prevents patients who are allergic to antibiotics from getting
affected because phages will only deal with specifically targeted cells that cause
infection. (ii) phages outnumber bacteria according to the ratio 10:1, their
overpowering nature to bacteria stops the bacteria from continued division and causing
further infection of the host. (iii) the mutation rate of Phages is higher than that of
bacteria, and this enables them to respond in a faster manner to the bacteria that are
resistant to phages. (iv) lower cost incurred in the development of the phage system as
compared to the development of a new antibiotic. (v) there are no side effects caused
by Phages or their products (Bhardwaj, 2014). This is because there is no gross
toxicity experienced during the preparations of bacteriophage. With the current levels
of the dosage used, there are no potential complications that are brought up by the
release of bacterial endotoxins which come as a result of lysed cells. (vi) there is a
evidence that bacteriophages synergistically working with some of conventional
antibiotics since antibiotic resistance does not affect these bacteriophages (Johnke et
al., 2014).
1.8.5 Disadvantages of using phage therapy
The following are problems encountered in phage therapy: (i) a neutralizing
antibody and allergic reactions concerning the administration of these phages can be
inactive. Therapeutic effects also could decrease with multiple administrations of
phages, however, that has not been seen in practice. (ii) phage therapy is also
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associated with the problem of the capturing and transferring toxic genes that are
derived from the bacteria. This problem can be overcome by selecting proper phages
without natural generalized or which do not have specific transduction abilities or by
genetically modifying phages to produce mutant phages that work against those
phages. (iii) quorum sensing, and the uptake of phages by bacteria is another problem.
When applying phage therapy in dealing with bacteria, is the bacterial ability to sense
its environment and change itself accordingly. Facilitating bacteria to sense local
population densities and adjusting of gene expression patterns by the bacteria is
attributed to quorum sensing. In the case where the conditions indicate competition,
the bacteria use quorum sensing to regulate their anti-phage activities and this helps
them to improve their defense mechanism to avoid infection as they grow (Bhardwaj,
2014). (iv) application of phage therapy requires specificity meaning thatit is essential
first to identify the pathogenic bacteria found and their accountable to cause the
disease. In the process, the chances of resistance can be reduced as Multiple of
bacteriophages are required for useful levels of coverage (Johnke et al., 2014).
1.8.6 Commercial phage preparations
There five available phage preparations created to counter different bacterial
infections, where created in the commercial laboratory of d'Hrelle in Paris. The name
of the preparations was as; Bactérhino-phage, Bacté-intesti-phage Bacté-coli-phage
Bacté-pyo-phage, and Bacté-staphy-phage. Seven phage preparations were produced
in broth culture by The Eli Lilly Company to act against Escherichia coli,
Streptococci, Staphylocci and for other different infectious pathogens for treating
many lethal infections in human beings such as diabetic wounds, abscesses, mastoid
infections, infection of an upper respiratory tract and other chronic diseases (Qadir,
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2015).
1.8.7 Some applications of phage therapy
Rose et al., developed a well-defined Bacteriophage cocktail BFC-1, which
was a phage to act against P. aeruginosa and S. aureus strains on colonized burned
wounds at the burn wound center of the Queen Astrid Military Hospital and was
published in 2009. BFC-1 was the first application on colonized burn wounds. No
adverse effects have been found within 10 burn wounds in 9 patients. And this will
open the door for future experimental phage therapy in the treatment of burn in the
patients (Rose et al., 2014).
Phages as vaccine delivery vehicles. Bacteriophages are widely used for the
delivery of vaccines. To do this, two methods are used. In the first one, the vaccine
antigens can be displayed on the surfaces of the phages and in this case, the phages are
used directly. The second method involves the phage delivering DNA vaccine. In this
second method synthesized vaccine sequence or the gene is incorporated into the
phage genome to transport the DNA vaccine (Patel et al., 2015).
Targeted gene delivery through phages. Bacteriophages can also be used as
vectors to deliver specific genes. This method is the same as that of using phages to
provide DNA vaccine. The bacteriophage can target particular cell types due to the
presence of foreign proteins on their surfaces. After injection, the DNA is saved from
degradation by the coat protein, and that is important requirement for gene therapy
accomplishment (Patel et al., 2015).
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1.9 Aims of the study
The objectives of the current study are:
(i) To isolate super lytic bacteriophage(s) and test their effect to suppress the
growth of Legionella spp. in vitro.
(ii) To characterize the morphological, physical and chemical properties of the
super lytic bacteriophage(s) that can suppress the growth of Legionella spp. in vitro.
(iii) To test the effectiveness of the isolated bacteriophage(s) as a biological
control agent towards Legionella spp. in environmental water samples.
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Chapter 2: Materials and Methods
2.1 Materials
2.1.1 Source of raw untreated waste water samples
Seven different untreated raw waste water samples were collected from Abu
Dhabi Sewage Services Company (ADSSC) Al Ain, United Arab Emirates (UAE).
The samples were obtained from seven different regions from two different waste
water treatment plants (WWTP) in Al Ain, which are Al Saad Waste Water Treatment
Plant and Al Hamah Waste Water Treatment Plant on March 2016 and February 2017.
2.1.2 Environmental water samples
The environmental water samples were collected from two different water
fountains from Abu Dhabi, UAE.
2.1.3 Bacterial strains and propagation hosts
Bacterial type strains that were used in this study are listed in Table 4. All the
listed bacteria were obtained from the Microbiology Laboratory, Tawam Hospital, Al
Ain, UAE. L. pneumophila and Bacillus subtilis were obtained from Deutsche
Sammlung von Mikroorganismen und Zellkulturen GmbH, Braunschweig, (DSMZ),
Germany.
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Table 4: Bacterial strains used for the bacteriophage host range experiment
Bacteria strains

Source and type strain numbers

Escherichia coli

ATCC 25922

Escherichia coli

ATCC 35218

Enterococcus aerogenes

ATCC 13048

Enterococcus cloacae

ATCC 700323

Proteus vulgaris

ATCC 33420

Staphylococcus aureus

ATCC 25923

Staphylococcus aureus

ATCC BAA 976

Salmonella typhimurium

ATCC 14028

Shigella sonnei

ATCC None

Streptococcus pyogenes

ATCC 19615

Enterococcus faecalis

ATCC 51299

Enterococcus faecalis

ATCC 29212

L. pneumophila

DSM 25199

Bacillus subtilis

DSM 100612

DSMZ: Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH,
Braunschweig, Germany.
2.1.4 Media
Nutrient broth, nutrient agar, tryptic soy broth, and tryptic soy agar were all
obtained from Lab M Limited, Moss Hall Road, Heywood, Lancashire BL96 7JJ,
United Kingdom. All these media were prepared according to the manufacturer
recommendations. The Peptone-yeast extract calcium nitrate (PYCa) was prepared as
described by Bradley et al. (1961) (Appendix 1).
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2.1.5 Easy phage-100 medium kit for the isolation of coli phage (E. coli phage)
A kit of easy phage 100-medium for the isolation of coli phage (E. coli phage)
was obtained from Scientific methods Inc., Beckley Street, Granger, Indiana, USA.
This kit was used to isolate the bacteriophages only active against E. coli from
untreated raw waste water samples. The medium characterized by specific bacterial
staining solution to distinguish between plaques and host type bacterial “lawn.”
2.1.5.1 Ingredients of the easy phage-100 medium kit
The easy phage-100 medium kit consisted of:
(i)- Tryptic soy broth medium single strength (1 X).
(ii)- Culture of E. coli. In the current study E. coli (ATCC 25922) was used.
(iii)- Sterile easy phage medium (100 ml per bottle). The medium was kept in
the fridge at 4ºC until use. The medium was warmed up to room temperature and was
mixed well before use.
(iv)- Sterile bacterial stain (0.7 μl of bacterial stain for every bottle of 100 ml
easy phage medium).
(v)- Sterile pretreated Petri dishes provided by the Scientific methods Inc.,
Granger, Indiana, USA.
(vi)- E. coli phage MS2 was used as a positive control. The MS2 E. coli phage
was used to spike the positive control water sample.
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2.1.6 Transmission electron microscopy
Transmission electron microscopy (TEM) studies were carried out in the
Electron Microscopy Unit, Faculty of Medicine and Health Sciences, Al-Ain, United
Arab Emirates University, UAE.
2.2 Methods
2.2.1 Millipore filtration for waste water samples
A procedure of bacteriophage enrichment and concentration method was
performed on the collected samples (Van Twest and Kropinski, 2009). The raw waste
water samples were first centrifuged at a speed of 3000 rpm (Centrifuge, Beckman) for
15 minutes in order to precipitate all large particles and to separate the remaining
supernatant which contained the bacteriophage(s). The supernatant of the water
sample was filtered slowly through sterile Millipore membranes (Pore size 0.22 µm,
Millipore Corporation, MA, USA) to remove bacteria and were collected in sterile
bottles. The filtered waste water samples were then used for the purpose of isolation of
bacteriophages in the Easyphage-100 medium kit (Burm et al., 2010). The filtered
waste water samples were stored in the fridge at 4°C and kept until use (Clark, 1965).
2.2.2 Propagation hosts
All the bacterial strains were grown on nutrient broth and nutrient agar
medium. The plates and flasks were incubated at 37ºC for 48 hours and kept in a dark.
As the method described by Angshumanjana et al. (2016), nutrient agar was preferred
for maintenance of stock cultures at 4°C and to preserve bacteria by regular subculturing within two weeks (Angshumanjana et al., 2016).
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2.2.3 Isolation of Legionella phage from waste water sample using the
conventional method
Erlenmeyer flasks (250 ml) containing 20 ml of sterile peptone-yeast extract
calcium nitrate broth (PYCa) (Bradley et al., 1961) were inoculated with 1 ml of L.
pneumophila suspension and with 25 ml of raw-untreated bacteriologically filtered
waste water samples. This PYCa was selected since the yeast extract supports the
reproduction of the pahges (Walton, 1951). The divalent cation (Ca++) is impotrant
for the adsorption of phage to the receptors as recommended by Lomovskaya et al.,
(1972). It has also been found that calcium increases the size and number of phage
plaques obtained (Gold, 1959). The flasks were then incubated in a gyratory shaker
(Model G76, New Brunswick Scientific-Edison, N.J., USA) at 200 rpm at 37°C for 48
hours. After incubation, the suspensions from each flask were centrifuged for 10
minutes at 4000 rpm and the supernatant were filtered four times through sterile
Millipore membrane filters (Millipore Corporation, MA, USA) (0.8 µm, 0.4 µm and
0.2 µm), respectively, and were collected in sterilized glass tubes.
Small amounts (0.3 ml) of L. pneumophila (DSMZ 25199) (host) were
inoculated separately onto PYCa agar plates (Bradley et al., 1961). The plates were
allowed to dry in a laminar flow for 30 minutes to remove any moisture (Vickers and
Williams, 1987). After drying the plates, 0.2 ml of the raw-untreated bacteriologically
filtered waste water samples was inoculated onto the plates in the middle of the plate
(Bradley et al., 1961). The plates were then incubated in the dark at 37°C for 48 hours
and examined for the formation of lytic zones (plaques) (Williams et al., 1980).
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2.2.4 Isolation of E. coli phage from waste water sample using the easy phage-100
medium kit method
The protocol for the detection of bacteriophages in waste water samples using
easyphage-100 medium developed by Scientific methods Inc., Beckley Street,
Granger, Indiana, USA was used in the current study to facilitate the isolation of the
phages only active against E. coli.
Erlenmeyer flasks with tryptic soy broth were sterilized by autoclaving at
121°C for 20 minutes. These flasks were aseptically inoculated with E. coli (ATCC
25922) and the flasks were incubated for 24 hours in the dark at 37°C. Each 100 ml of
the Millipore filtered raw waste water sample were inoculated with 3.5 ml of the E.
coli culture. Accordingly, 40 ml of tryptic soy broth were enough to analyze 10 X 100
ml raw waste water samples.
The easyphage medium and the tryptic soy broth (TSB) were warmed to 35°C
prior the start of the experiment. The Millipore filtered waste water sample (100 ml)
was added into a bottle of easy phage medium. Then 3.5 ml of log phase E. coli
(ATCC 25922) and 0.7 μl of bacterial stain culture were added for every 100 ml of the
easy phage medium. The solution was thoroughly mixed in bottle seven times. A 20
ml of the mixture was transferred into each pretreated Petri dish using sterile syringes
for a total of 10 Petri dishes.
The Petri dishes were gently rotated several times to settle the bubbles on the
edge of each pretreated Petri dish. The mixture of the medium was left to solidify on a
horizontal bench for 1 hour. All the pretreated Petri dishes were transferred to the
37°C incubator and the pretreated Petri dishes were incubated in the upright position.
The pretreated Petri dishes were incubated in the dark for 48 hours at 37°C.
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After the end of the incubation period, the formation of blue plaques on the
background of red bacterial lawn were monitored and counted.
2.2.4.1 Quality assurance procedures in the easy phage kit method
In order to demonstrate that the reagents employed in the easy phage kit were
performed as recommended; a positive control and a negative control were also
processed and analyzed.
For the positive control, 100 ml water sample containing viable coli phage
(100 ml water sample spiked with MS2 pure E. coli phage) was used as a positive
control.
For the negative control, a 100 ml of sterile water containing no coli phage was
processed the same way the waste water sample was processed. This sample produced
no plaques and demonstrated that the method employed in the present work was valid
and correct.
Sterile water (100 ml) was added to a 100 ml easy phage bottle. Then sufficient
amount of stock solution of the E. coli phage MS2 was spiked to the easy phage
medium mixture to produce a countable number of plaques as recommended by the
scientific methods protocol for the isolation of coli phages.
The E. coli (ATCC 25922) culture (3.5 ml) and the bacterial stain (0.7 μl) were
then added. The solution was mixed by shaking the bottle seven times. A 20 ml of the
mixture was transferred into each pretreated Petri dish using sterile syringes for a total
of 10 dishes as recommended by the manufacturing company.
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The positive control sample produced plaques and this showded that the
technique was correct. This positive control result was associated with all samples
analyzed during the method used.
Among the benefits of using the easy phage kit were, it was capable of
producing quantitative results and quality control schemes for investigating the
precision and accuracy of the microbiological assays.
2.2.5 Purification of the bacteriophages from the phage isolation plates
From experiment 2.2.3, one phage was isolated by the conventional method
using L. pneumophila as propagation host, and from experiment 2.2.4 one phage was
isolated by the easy phage-100 kit method using E.coli as a propagation host. All the
experiments described below were carried out on the two phages.
After incubation, a single plaque (single individual lysis zone) on the lawns of
the bacterial hosts (L. pneumophila in experiment 2.2.3, and E.coli from experiment
2.2.4) was aseptically removed with a scalpel and added in 100 ml of host-inoculated
PYCa broth (5 ml) and incubated at 37°C in the dark for 48 hours. The broth was
filtered through Whatman paper No. 1 (Whatman International Ltd, Maidstone, U.K.)
and filtered again through sterile 0.22 µm Millipore membrane filters. The purified
phage suspensions were stored at 4°C as recommended by Williams et al. (1980). A
sample of this purified phage suspensions were then filtered and added on the PYCa
agar plates previously inoculated with every host alone (L. pneumophila in experiment
2.2.3, and E.coli from experiment 2.2.4) in order to determine the concentration of the
phage in the suspension (Williams et al., 1980).
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To obtain strong phage concentrations, the same procedure was continuously
repeated by increasing the soaking time in PYCa broth for an extra 48 hours at 37°C in
the dark. The procedure was repeated until a high titre of 1010 plaque-forming units
(pfu) ml-1 of phage suspension was produced. In order to reduce the bacterial growth
which would impede filtration (Williams et al., 1980) the purified phage suspension
was stored at 4°C. These purified phages were immediately used in each experiment
to avoid any decrease in the titers of the phage suspension (Williams et al., 1980).
2.2.6 Phage assay
Phage assays were carried out using the serial tenfold dilution (up to 1012)
prepared in PYCa broth. Small volume (0.3 ml) of host suspensions (L. pneumophila
form phage from experiment 2.2.3, and E.coli for phage from experiment 2.2.4) were
added onto PYCa agar plates and dried in a laminar flow cabinet for 30 minutes.
Bradley et al. (1961) demonstrated that excessive moisture on phage assay plate can
cause smearing and streaking of valid plaques or can create false plaques or (Williams
et al., 1980).
A (0.2 ml aliquot) of phage dilutions were then placed onto a plate and spread
carefully with a sterilized spreader. Three replicate plates were used for each dilution.
All plates were incubated for 48 hours in the dark at 37°C. In order to know the titre of
the phage suspension pfu were counted after the incubation period (Williams et al.,
1980).
2.2.7 Plaques morphology
Purified L. pneumophila phage suspension of (0.2 ml) each containing 1010 pfu
ml-1 were added onto PYCa agar containing L. pneumophila (X 1010 cfu ml-1). Also,
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purified E.coli phage suspension (0.2 ml) each containing 1010 pfu ml-1 were added
onto PYCa agar containing E.coli (X 1010 cfu ml-1). The plates were then incubated at
37°C for 48 h and the morphology of the plaques in the Petri dishes was recorded
(Williams et al., 1980).
2.2.8 Host range (Activity spectra of the phage)
All bacterial hosts (type strains) were cultivated on nutrient agar plates and the
bacterial cells and/spores were harvested by removing the surface of the plates into 20
ml of sterile 20% (v/v) glycerol and stored at -20°C.
The bacterial hosts (type strains) examined in the present thesis were presented
in Table 4. The host range of the phage isolated from experiment 2.2.3 and the phage
isolated from 2.2.4 were studied by adding 0.2 ml of each phage suspensions
containing 1010 pfu ml-1 onto PYCa agar plates each previously inoculated with a
glycerol suspension (X 1010 cfu ml-1) of one of the type strains mentioned in Table 4.
Each phage suspension was spotted to the seeded dried host plates, 30 minutes after
seeding the plates with the individual type strain. The plates were then incubated for
48 hours in the dark at 37°C and monitored for the formation of plaques (Williams et
al., 1980).
2.2.9 Electron microscopy
In order to determine the ultra-structure and the morphology of the phages
isolated from experiment 2.2.3 and 2.2.4, using the transmission electron microscopy
(TEM), the negative staining technique using uranyl acetate (Sigma Chemical Co, St.
Louis, USA) as described by Ackermann and Heldal (2010) was implemented in the
current study.

43
The negative staining method used in the current study relied on some stain
that remained around the edges of a virus and accordingly the details of the virus were
clearly defined. However, the positive staining method stains the virus itself and
accordingly the viruses appeared as dark objects against a lighter background
(Ackermann and Heldal, 2010).
All TEM photomicrographs taken in the current study were all taken by the use
of the negative staining method. This was the staining method to be used and yields
results suitable for detecting the morphological diversity of each virus as described by
Burm and Steward (2010).
Briefly, the uranyl acetate solution was filtered through Millipore membrane
syringe filters (Pore size 0.22 µm, Millipore Corporation, MA, USA) into a 2 ml
sterilized glass tube. This eliminated any crystals of uranyl acetate that had not fully
dissolved.
A drop of each phage suspension (1010 pfu ml-1) was placed on 200-mesh
copper grids with carbon-coated formvar films and the excess drawn off with sterile
filter paper. The filtered uranyl acetate was then added on the grids and the excess was
drawn off as described by Ackermann and Heldal (2010). The grids were left to dry
for 1 hour and then placed in the grid box in a desiccator until further study and
examination. Samples were then later examined with the TEM machine (Philips
CM10, The Netherlands) at a magnification of X 205,000 uisng 80 KV (Ackermann
and Heldal, 2010).
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2.2.10 Effects of the composition of medium on phage viability and propagation
For all the experiments described below L. pneumophila was used as a
propagation host. In order to study the effect of the chemical composition of the
medium on the two phages isolated from experiment 2.2.3 and 2.2.4, three different
media were tested. These three media were nutrient agar, tryptic soy agar, peptoneyeast extract, supplemented with and without calcium nitrate Ca(NO3)2 (0.05%)
(Sigma Chemical Co, St. Louis, USA) and with two different concentrations of
sodium chloride (NaCl) (0.1 M and 0.01 M) (Sigma) (Brownell et al., 1967). These
media were tested in order to examine the effects of these complex media on phage
propagation and viability.
2.2.11 Effects of physical and chemical agents on phage propagation and viability
The effects of selected physical and chemical agents on the two phages
viability and propagation obtained from experiment 2.2.3 and 2.2.4 were examined
according to the methods described by Brownell et al. (1967).
To determine the effects of physical treatments on the two phages viability and
propagation, PYCa broth of each phage was diluted 1 to 10 in PYCa broth. A (0.1 ml)
sample was added to 0.9 ml PYCa broth, the physical treatment applied, and viable
phage numbers were estimated immediately after the treatment as pfu ml-1. A similarly
diluted but untreated PYCa broth preparation served as a control (Brownell et al.,
1967).
The physical treatments employed in the present thesis included (i) freezing the
phages for (30 minutes, one hour, two hours, three hours, four hours, five hours, six
hours, 12 hours, 24 hours, and 48 hours), (ii) refrigerating the phages at 4°C for (1
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day, 7 days, 14 days, 30 days, 45 days and 60 days), (iii) heating the phages at 45°C
for (15 minutes and 30 minutes), heating the phages at 55°C for (15 minutes and 30
minutes), heating the phages at 65°C for (15 minutes and 30 minutes), (iv) boiling the
phages at 100°C for (5 minutes and 10 minutes), (v) ultrasonic treatment for (60
seconds and 120 seconds), (vi) exposing the phages to UV for (30 seconds, 60
seconds, 120 seconds, 180 seconds and 240 seconds) as described by Brownell et al.
(1967).
To determine the effects of the chemical factors on the two phages propagation
and viability obtained from experiment 2.2.3 and 2.2.4, PYCa broth grown
preparations of each phage was diluted 1 to 10 in water. A (0.1 ml) sample was added
to 0.9 ml of the reagent to be tested at the specified concentration in water. After 2
hours incubation in the dark at 37°C, the mixtures were assayed for phage pfu ml -1. A
diluted but untreated PYCa broth preparation served as a control as described by
Brownell et al. (1967) was also carried out (Table 5).
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Table 5: List of chemical treatments examined on phages propagation and viability
Chemical Name

Concentration

Chloroform

(0.5%, 1% and 3%)

Thymol

(0.5%, 1% and 3%)

Hydrogen peroxide

(0.5%, 1% and 3%)

Phenol

(0.5%, 1% and 3%)

Ethyl alcohol

(30%, 70% and 100%)

Clorox

(0.5%, 1% and 3%)

Iodine in the form betadine

(0.5%, 1% and 3%)

Merthiolate

(0.5%, 1% and 3%)

2.2.12 Effects of host age, phage inoculum size and the host inoculum size on the
phages propagation and viability
This experiment was done on the two phages obtained from experiment 2.2.3
and 2.2.4. The effect of host age on phage viability and propagation was carried out by
adding different concentrations of phage to the host which had been incubated for
various times as described by Brownell et al. (1967). The numbers of pfu ml-1 were
monitored and counted as described by Brownell et al. (1967).
The effect inoculum size of the phage on phage propagation was carried out by
mixing phage inocula at different concentrations with a standard host concentration
and monitoring and counting the numbers of pfu ml-1 as described by Brownell et al.
(1967).
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The effect of the host-inoculum size on the phage viability and proliferation
was determined by varying the inoculum concentration of the host and determining the
pfu ml-1.
For all the above mentioned experiments the numbers of pfu ml-1 were
examined and counted after 48 hours of incubation at 37°C as suggested by Brownell
et al. (1967).
2.2.13 Determination of adsorption rate constant, latent period and burst size
This test was carried out on the two phages isolated from experiment 2.2.3 and
2.2.4. The adsorption rate constants of the two phages were calculated by determining
the residual plaque-forming ability in membrane-filtered samples of an attachment
mixture as described by Dowding (1973). Briefly, a 250 ml Erlenmeyer flask
containing 50 ml of PYCa broth was inoculated with a host suspension. The host was
incubated with shaking for 3 hours at 37°C to allow bacterial growth to happen. Each
phage was added separately at low multiplicity of infection (0.1), and the incubation
was continued.
At various time intervals, specific samples were removed, filtered using
membrane filters, diluted and plated and the numbers of pfu ml-1 was counted. The
ratio of the populations of phages to the host populations was termed as the
multiplicity of infection and values much less than one are commonly used in kinetic
studies on phage growth in order to ensure that each cell was infected by a single virus
as recommended by (Dowding, 1973).
The adsorption rate constant, K ml min-1, was determined as described by
Sykes et al. (1981) by using the equation K = 2.3 /Bt X log

10

(P0/Pt) where B is the
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host concentration (cfu ml-1); P0 is the initial phage concentration (pfu ml-1); Pt is the
phage concentration at t min (pfu ml-1); and t is the period of adsorption.
In order to determine the latent period (dark period of eclipse period), rise
period and the burst size for every phage, a one-step growth experiment was
determined as suggested by Dowding (1973). A suspension (1 X 1010 cfu ml-1) of the
propagation host L. pneumophila was incubated in PYCa broth at 37°C for 3 hours to
allow growth. A predetermined quantity of each phage was then added to give a low
multiplicity of infection (approximately 0.1) and the incubation was continued for 20
minutes. Sample of the attachment mixture (10 ml) was removed and membranefiltered. Un-adsorbed phages were removed from the infected host cells on the filter by
passing the 10 ml of the broth through the membrane filter to wash them. The filter
was transferred to sterilized container containing PYCa broth (50 ml) at 37°C (first
growth flask) and the infected cells were re-suspended by shaking the container flask.
Dilution (50-fold) was made to another container held at 37°C (second growth flask)
and the two containers were re-incubated again at 37°C. Samples (0.1 ml) were
removed (from the first growth flask until time 35 min and then alternately from the
two flasks until 120 min), immediately plated and the populations of pfu were counted
after incubating the plates for 48 hours at 37°C as suggested by Dowding (1973).
2.2.14 The effect of incorporation of bacteriophages on the population densities of
L. pneumophila in environmental water sample
The aim of this experiment was to examine the effect of the incorporation of L.
pneumophila phages which are isolated from experiment 2.2.3 and 2.2.4 on the
population densities (bacterial counts) of L. pneumophila in the environmental water
sample contaminated with these bacteria. The two phages were applied as a mixture of
phages together.
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2.2.14.1 Preparation of the stock phage suspension
The host L. pneumophila was grown on nutrient agar plates and incubated in
the dark at 37oC for 3 days. Bacterial cells were collected by removing the growth on
the surface of 20 plates into 1 liter of sterile 20% glycerol and storing the solution at 20°C. Three large Erlenmeyer flasks (1 liters capacity) were each filled with 200 ml of
sterile PYCa broth into which 250 ml of the propagation host L. pneumophila
suspension (X 1010 cfu ml-1) and 100 ml of each phage suspension (X 1010 pfu ml-1)
were mixed. The suspension was incubated at 37oC in the dark for 4 days. After
incubation, the suspension was centrifuged for 1 h at 2000 rpm and serially filtered
through different Millipore pore size filters ending with a 0.22 µm membrane filter.
After filtration, the phage suspension was calculated to be (X 1010 pfu ml-1) by serial
dilution. A total of 3 liters of every bacteriophage suspension was produced and stored
at 4oC.
2.2.14.2 Preparation of L. pneumophila inoculum
The propagation host L. pneumophila inoculum was prepared by removing the
growth from 20 plates of bacterial cultures, grown on nutrient agar plates, into 1 liter
of distilled sterilized water. Two hundred ml of this suspension was added to 2 liters of
sterilized (121oC for 20 min) nutrient broth and incubated at 37oC for 3 days in the
dark and the inoculum was used immediately. Serial dilutions were prepared and five
0.2 ml aliquots were inoculated separately onto plates containing nutrient agar before
use to calculate the inoculum density. The inoculum density for L. pneumophila was
calculated to be (X 1010 pfu ml-1) by serial dilution.
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2.2.14.3 Mixing the host inoculum and the bacteriophage suspension and their
amendments in the environmental water sample
In the current study, the two phages of L. pneumophila each of about 1010 pfu
ml-1 were used to inoculate the environmental water samples in order to study their
effects on the reduction of the population densities of L. pneumophila.
A stock phage suspension of about 1010 pfu ml-1 was prepared by mixing each
of the two individual high-titer phage suspensions together. The resulting titer of the
stock phage suspension was 1010 pfu ml-1. This stock phage suspension was used to
treat environmental water sample in order to study the effects of the combined two
bacteriophages on the reduction of the population densities of L. pneumophila in the
environmental water sample.
For the treatments which included only the addition of the bacterial hosts
alone, the water was aseptically inoculated with 40 ml of L. pneumophila (X 1010 cfu
ml-1) under aseptic conditions.
For the treatments which included the addition of the bacteriophages alone, the
water samples were aseptically inoculated with 40 ml of L. pneumophila phage (X
1010 pfu ml-1).
For the treatments which included the combination of bacteriophages and the
bacterial host, the water was aseptically inoculated with 20 ml of L. pneumophila (X
1010 cfu ml-1) combined with 10 ml of a mixture of L. pneumophila phage number 1
(X 1010 pfu ml-1) and 10 ml of a mixture of L. pneumophila phage number 2 (X 1010
pfu ml-1).
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Control treatments consisted of water sample as described above, but
autoclaved twice at 121°C for 30 minutes immediately prior to use. In total there were
6 bacteria-phage combinations (Table 6). Each treatment was replicated four times and
the experiment was repeated once. In all treatments, the flasks were incubated for 3
days in the dark at 37°C. The flasks were occasionally shaken to ensure uniformity of
colonization.
After 3 days of incubation in the dark at 37°C, 10 ml from every treatment
were taken in order to determine the population densities of L. pneumophila and also
to determine the persistence of the two bacteriophages in water at the end of the
incubation period.
In order to determine the population densities of L. pneumophila, 10 ml of the
water sample from every treatment were dispensed into 100 ml of sterile 1 g-1 agar
solution in de-ionized water. The suspension was shaken for 30 minutes at 37°C. Tenfold dilutions (10-2–10-6) were made in sterile deionized water and 0.2 ml aliquots
were spread with a sterile glass rod onto nutrient agar in sterile plastic Petri plates.
Five plates were used per dilution and dried in a laminar flow cabinet for 30 minutes
before incubation in the dark for 2 days at 37°C.
Colonies were counted and the population densities of L. pneumophila were
expressed as log10 colony forming units (cfu) ml-1 water as described by
Sivasithamparam et al. (1979).
In order to determine the concentration of the L. pneumophila phage, 10 ml of
the water from every treatment were dispensed into Erlenmeyer flasks (250 ml)
containing 100 ml of sterile PYCa broth. The flasks were inoculated with 10 ml of L.
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pneumophila. The flasks were then incubated in a gyratory shaker (Model G76, New
Brunswick Scientific-Edison, N.J., USA) at 200 rpm for 48 hours at 37°C. After
incubation, the suspensions from each flask were centrifuged for 10 minutes at 4000
rpm and the supernatant were filtered three times through sterile Millipore membrane
filters (Millipore Corporation, MA, USA) (0.8 µm, 0.4 µm and 0.2 µm), respectively,
and were collected in sterile tubes.
Small amounts of L. pneumophila (0.3 ml) were inoculated separately onto
PYCa agar plates. The plates were dried for 30 minutes in a laminar flow to reduce
moisture (Vickers and Williams, 1987). After drying the plates, 0.2 ml of the
bacteriologically filtered sample from every treatment was spotted onto the plates
(Bradley et al., 1961). The solution was uniformly spread over the dried plates using
sterilized spreaders. The plates were then incubated at 37°C in the dark for 48 hours
and examined for lytic zones (plaques) (Williams et al., 1980). The plaques were
counted and expressed as log10 plaque forming units (pfu) ml-1 water as described by
Brownell et al. (1967).
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Table 6: Different treatments to study the effect of inoculation with L. pneumophila
phages on the colony forming units (cfu) of L. pneumophila in environmental water
samples.
Treatments
(1) Control (autoclaved environmental water) + autoclaved L. pneumophila phage
alone.
(2) Control (autoclaved environmental water) + autoclaved L. pneumophila alone.
(3) Control (autoclaved environmental water) + autoclaved L. pneumophila + L.
pneumophila phage.
(4) Environmental water + L. pneumophila phage alone.
(5) Environmental water + living L. pneumophila alone.
(6) Environmental water + living L. pneumophila + L. pneumophila phage.

2.2.15 Statistical analysis
All treatments were arranged in a randomized complete block design for all
experiments. Data were subjected to analysis of variance (ANOVA) and significant
differences between means were determined using Fisher’s Protected LSD Test at P =
0.05. Superanova (Abacus Concepts, Inc., Berkeley, California, USA) was used for
all analyses.
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Chapter 3: Results
3.1 Untreated raw waste water samples
The seven untreated raw waste water samples obtained gave different results
regarding the isolation of the lytic active phages against L. pneumophila and E. coli as
propagation hosts using the two different techniques (the conventional method and the
easy-phage 100 kit method).
The untreated raw waste water sample from Al Saad Plant gave active phage
against L. pneumophila (bacteriophage number 1) (Ø1). However, the second phage
active against E. coli and L. pneumophila used in the present study were isolated and
purified from untreated raw waste water samples obtained from Al Hamah waste water
treatment plant. Bacteriophage number 1 (Ø1) was isolated using L. pneumophila as a
propagation host and bacteriophage number 2 (Ø2) was isolated using E. coli as a
propagation host.
3.2 Isolation of L. pneumophila phage from waste water sample
Bacteriophage number 1 (Ø1) was isolated using L. pneumophila as a
propagation host. When 0.2 ml of the raw-untreated bacteriologically filtered waste
water samples was inoculated (as a centrally placed droplet) onto the PYCa agar plates
covered with L. pneumophila, a clear lytic zone (big plaque) was produced at 37°C in
the dark after 48 hours of incubation (Figure 7).
3.3 Isolation of E. coli phage from waste water sample using the easy phage-100
medium kit method
Bacteriophage number 2 (Ø2) was isolated from untreated raw waste water
samples using E. coli as a propagation host. This kit was used only to isolate the
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bacteriophages only active against E. coli as they used pretreated Petri dishes. Blue
plaques were obtained on a red background (lawn) at the end of the incubation period
at 37°C in the dark after 48 hours of incubation (Figure 8).
3.4 Quality assurance procedures in the easy phage kit method
No E. coli phages were isolated when sterile water was applied (negative
control). No blue plaques were obtained on a red lawn (background) at the end of the
incubation period (Figure 9).
The MS2 pure E. coli phage purchased from Scientific methods Inc., Beckley
Street, Granger, Indiana, USA, (the positive control) was very effective in killing the
E. coli cells as it was clear by the formation of the typical blue plaques on a red
background (lawn) at the end of the incubation period (Figure 10). The MS2 pure E.
coli phage gave results very similar to the unknown untreated raw waste water
samples using E. coli as a propagation host. This was evident from the very same blue
plaques on a red lawn (background) at the end of the incubation period (Figure 10).
The reagents used during the experiment of the easy phage kit were shown to
be of high standard as suggested.
3.5 Purification of the bacteriophages from the phage isolation plates
After incubation, a single plaque (single individual zone of lysis) of
bacteriophage number 1 (Ø1) on the lawns of the bacterial hosts was clear using PYCa
agar plates previously covered with L. pneumophila (Figure 11).
After incubation, a single plaque (single individual lysis zone) of
bacteriophage number 2 (Ø2) on the lawns of the bacterial hosts using PYCa agar
plates previously inoculated with E. coli was isolated (Figure 11).
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3.6 Phage assay
The optimum concentration of bacteriophage number 1 (Ø1) active against L.
pneumophila was found to be 1010 pfu ml-1 when the serial tenfold dilution technique
(up to 1012) prepared in PYCa plates was used. Similarly, it was also found that, the
optimum concentration of bacteriophage number 2 (Ø2) active against E. coli was
found to be 1010 pfu ml-1 when the tenfold dilution method (up to 1012) prepared in
PYCa plates was used.
3.7 Plaques morphology
Bacteriophage number 1 (Ø1) isolated to inhibit the growth of the Gram
negative bacterium L. pneumophila formed small clear plaques (0.7 mm) which was
circular in shape on PYCa plates.
However, bacteriophage number 2 (Ø2) selected to inhibit the growth of the
Gram negative bacterium E. coli formed small circular clear plaques (0.8 mm) on
PYCa plates. Using the Easy phage kit, and only in the case of bacteriophage number
2 (Ø2), the plaques were typically round blue spots that lack the reddish color observed
on the bacterial lawn. The bacterial lawn produced reddish color and the plaques were
blue in color (Figure 8).
3.8 Host range (Activity spectra of the phage)
Bacteriophage number 1 (Ø1) isolated using L. pneumophila as a propagation
host was found to be polyvalent and lysed L. pneumophila and other Gram negative
bacteria including; Escherichia coli (ATCC 25922), Escherichia coli (ATCC 35218),
Enterococcus aerogenes (ATCC 13048), Enterococcus cloacae (ATCC 700323),
Salmonella typhimurium (ATCC 14028) and Shigella sonnei (ATCC None) as well as
Gram positive bacteria Enterococcus faecalis (ATCC 51299) (Table 7). Bacteriophage
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number 2 (Ø2) isolated using E. coli as a propagation host was found to be polyvalent
and lysed L. pneumophila and other Gram negative bacteria including; Escherichia
coli (ATCC 25922), Escherichia coli (ATCC 35218), and Salmonella typhimurium
(ATCC 14028) as well as Gram positive bacteria including Enterococcus faecalis
(ATCC 51299), Streptococcus pyogenes (ATCC 19615) (Table 7). Both phages failed
to lyse Staphylococcus aureus and Bacillus subtilis.
Table 7: Host range of the isolated bacteriophages. Two isolated bacteriophages lysed
different Gram positive and Gram negative bacteria
Bacteriophage

Bacteriophage

no. 1

no. 2

Escherichia coli (ATCC 25922)

+

+ (PH)

Escherichia coli (ATCC 35218)

+

+

Enterococcus aerogenes (ATCC 13048)

+

-

Enterococcus cloacae (ATCC 700323)

+

-

Proteus vulgaris (ATCC 33420)

-

-

Staphylococcus aureus (ATCC 25923)

-

-

Staphylococcus aureus (ATCC BAA 976)

-

-

Streptococcus pyogenes (ATCC 19615)

-

+

Enterococcus faecalis (ATCC 51299)

+

+

Enterococcus faecalis (ATCC 29212)

-

-

Salmonella typhimurium (ATCC 14028)

+

+

Shigella sonnei (ATCC None)

+

-

L. pneumophila (DSM 25199)

+ (PH)

+

-

-

Bacteria species

Bacillus subtilis (DSM 100612)

( +) = host species susceptible to phage lysis; (-) = host species not susceptible to phage
lysis; PH = propagation host.
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3.9 Electron microscopy
Negatively stained particles of the bacteriophage number 1 (Ø1) active against
L. pneumophila fitted the Siphoviridae (B1) morphotype (Francki et al., 1991) which
consisted of icosahedral heads (Figure 12). On the other hand, negatively stained
particles of the bacteriophage number 2 (Ø2) active against E. coli and L. pneumophila
fitted also the Siphoviridae (B1) morphotype (Francki et al., 1991) which consisted of
icosahedral heads (Figure 13).
3.10 Effects of medium composition on phage propagation and viability
For the bacteriophage number 1 (Ø1) active against L. pneumophila , peptoneyeast extract agar was the ideal medium for phage cultivation followed by tryptic soy
agar and nutrient agar (Table 8). There was no significant difference (P > 0.05)
between tryptic soy agar and nutrient agar on phage propagation and viability (Table
8).
The incorporation of 0.05% Ca(NO3)2 into nutrient agar, tryptic soy agar and
peptone-yeast extract agar, was found to significantly (P < 0.05) increase the number
of plaques on all the three media used compared to the same medium but without the
addition of calcium nitrate (Table 8). Increasing the concentrations of NaCl
concentrations significantly (P < 0.05) reduced the numbers of pfu ml-1 on all the three
media used (Table 8). The incorporation of 0.1 M NaCl to the three media in the
current study killed bacteriophage number 1 (Ø1) and produced no plaques (Table 8).
For the bacteriophage number 2 (Ø2) active against E. coli and L. pneumophila
, peptone-yeast extract agar was the ideal medium for phage cultivation followed by
tryptic soy agar and nutrient agar (Table 8). Tryptic soy agar was found to be
significantly (P < 0.05) superior than nutrient agar as a medium for bacteriophage
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number 2 (Table 8). The incorporation of 0.05% Ca(NO3)2 into tryptic soy agar,
peptone-yeast extract agar and nutrient agar was found to increase the number of pfu
ml-1 on all the three media used in comaprsion to the same three media but without the
addition of calcium nitrate (Table 8). Increased NaCl concentrations significantly (P <
0.05) reduced the numbers of plaques on all the three media used (Table 8). The
incorporation of 0.1 M NaCl to the media used killed the bacteriophage number 2 (Ø2)
and yielded no plagues (Table 8).
Table 8: Effect of different complex media on the viability and propagation of the two
phages

Peptone-yeast
extract agar
Peptone-yeast
extract agar
Peptone-yeast
extract agar
Peptone-yeast
extract agar
Nutrient agar

+ 0.1 M NaCl

(log10 pfu ml-1) (log10 pfu ml-1)
of Phage
of Phage
number 1
number 2
0.00 a
0.00 a

+ 0.01 M NaCl

3.95 c

4.47 c

+ 0.00 M NaCl (W/V)

5.621 e

5.96 f

+ 0.00 M NaCl + 0.05% (W/V) 7.83 g
Ca(NO3)2
+ 0.1 M NaCl
0.00 a

8.02 g

Nutrient agar

+ 0.01 M NaCl

3.46 b

2.36 h

Nutrient agar

+ 0.00 M NaCl (W/V)

4.75 d

2.96 c

+ 0.00 M NaCl + 0.05% (W/V) 5.74 f
Ca(NO3)2
Tryptic soy agar + 0.1 M NaCl
0.00 a

3.28 k

Tryptic soy agar + 0.01 M NaCl

3.17 b

3.85 b

Tryptic soy agar + 0.00 M NaCl (W/V)

4.62 d

4.78 d

Tryptic soy agar + 0.00 M NaCl + 0.05% (W/V) 5.91 f
Ca(NO3)2

5.34 e

Medium

Supplement

Nutrient agar

0.00 a

0.00 a

60
Values are means of five replicates for each treatment and the values with the same
letter within a column are not significantly (P > 0.05) different according to Fisher's
Protected LSD Test.

Figure 7: Lysis of Legionella pneumophila by bacteriophage number (1). Plate on the
left hand, is the control. Note the central lytic zone (plaque) in the middle of the
peptone-yeast extract agar amended with calcium nitrate at the end of the incubation
period (48 hours) at 37ºC (right).

A

B

Figure 8: Lysis of Escherichia coli by the isolated bacteriophages. (A) Lysis of
Escherichia coli by bacteriophage number (1). (B) Lysis of Escherichia coli by
bacteriophage number (2). Note the blue plaques on a red background (lawn) at the
end of the incubation period (48 hours) at 37°C.
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Figure 9: Negative control plate without the addition of any phage. Note the red
background (lawn) at the end of the incubation period (48 hours) at 37ºC.

Figure 10: Lysis of Escherichia coli by MS2 pure E. coli phage (positive control).
Note the blue plaques on a red background (lawn) at the end of the incubation period
(48 hours) at 37ºC.
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A

B

Figure 11: Single plaque formation of the isolated bacteriophages using L.
pneumophila. (A) Single plaque formation of bacteriophage number (1) using L.
pneumophila. (B) Single plaque formation of bacteriophage number (2) L.
pneumophila. Both were active against Legionella pneumophila on peptone-yeast
extract agar amended with calcium nitrate after 2 days of incubation at 37ºC.

Figure 12: Electron microscopy of bacteriophage number 1 active against L.
pneumophila. Magnification 205,000 X.
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Figure 13: Electron microscopy of bacteriophage number 2 active against L.
pneumophila. Magnification 205,000 X.

3.11 Effects of physical agents on phage propagation and viability
Bacteriophage number 1 (Ø1) was found to be sensitive to the treatments with
freezing, refrigeration, heating, boiling, ultrasonic treatment and ultra violet radiation
(Table 9). All these physical agents significantly (P < 0.05) reduced the numbers of
pfu (Table 9).
Freezing bacteriophage number 1 (Ø1) for 30 minutes, one hour, two hours
showed slight negative effect on the viability of the virus (Table 9). However, freezing
for 3 hours, four hours, five hours, six hours, 12 hours, 24 hours, and 48 hours had
lethal effect on bacteriophage number 1 (Ø1) titre.
At 4°C bacteriophage number 1 (Ø1) numbers decreased markedly with time
(Table 9). Heating the bacteriophage number 1 (Ø1) at 45°C for 15 minutes and for 30
minutes did not show any negative effect on the virus viability (Table 9). Heating
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bacteriophage number 1 (Ø1) at 55°C for 15 minutes and for 30 minutes also did not
show any side negative effect on the virus viability (Table 9). However, heating the
bacteriophage number 1 (Ø1) at 65°C for 15 minutes and for 30 minutes had an
adverse effect on phage titre and significantly (P < 0.05) reduced the numbers of
plaques (Table 9).
Boiling bacteriophage number 1 (Ø1) at 100°C for 5 minutes and for 10
minutes completely; killed the phage as evident with no plaque formation (Table 9).
Bacteriophage number 1 (Ø1) was able to resist the ultrasonic treatment for 60 seconds
and 120 seconds but with a reduced rate in comparison to the control treatment (Table
9). Exposing bacteriophage number 1 (Ø1) to UV radiation for 30 seconds and 60
seconds showed no side negative effect on the phage viability. However, exposure to
UV radiation for 120 seconds, 180 seconds and 240 seconds significantly (P < 0.05)
reduced bacteriophage number 1 (Ø1) viability and reduced the numbers of plaques
(Table 9).
Bacteriophage number 2 (Ø2) was sensitive to the treatments with freezing,
refrigeration, heating, boiling, ultrasonic treatment and UV radiation (Table 9). All
these physical agents greatly reduced the numbers of plaques of phage number 2
(Table 9).
Freezing bacteriophage number 2 (Ø2) for 30 minutes, one hour, two hours, 3
hours showed slight adverse negative effect on the propagation of phage number 2
(Table 9). However, freezing for four hours, five hours, six hours, 12 hours, 24 hours,
and 48 hours had an adverse effect on bacteriophage number 2 (Ø2) titer.
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At 4°C bacteriophage number 2 (Ø2) numbers significantly (P < 0.05)
decreased markedly with time (Table 9). Heating bacteriophage number 2 (Ø2) at 45°C
for 15 minutes and for 30 minutes did not show any negative effect on the virus
multiplication (Table 9). Heating bacteriophage number 2 (Ø2) at 55°C for 15 minutes
and for 30 minutes also did not show any side effect on the virus activity and
multiplication (Table 9). However, heating bacteriophage number 2 (Ø2) at 65°C for
15 minutes and for 30 minutes had a negative effect on phage activity and reduced the
numbers of plaques (Table 9).
Boiling bacteriophage number 2 (Ø2) at 100°C for 5 minutes and for 10
minutes completely killed the phage as evident with no plaques formation (Table 9).
Bacteriophage number 2 (Ø2) was able to resist the ultrasonic treatment for 60 seconds
and 120 seconds but with a reduced rate in comparison to the control treatment (Table
9). Exposing bacteriophage number 2 (Ø2) to UV radiation for 30 seconds, 60 seconds
and 120 seconds, showed no side effect on the phage activity. However, the exposure
to UV radiation for 180 seconds and 240 seconds reduced bacteriophage number 2
(Ø2) viability and reduced the number of plaques (Table 9).
Table 9: Effect of physical agents on the viability and propagation of the two phages

Untreated control

(log10 pfu ml-1) of
phage number 1
8.35 b

(log10 pfu ml-1) of
phage number 2
7.91 b

Freezing (30 Minutes)

7.44 c

7.63 c

Freezing (1 hours)

7.21 d

7.42 c

Freezing (2 hours)

6.62 e

7.09 d

Freezing (3 hours)

4.41 c

7.14 d

Freezing (4 hours)

3.92 k

6.52 e

Freezing (5 hours)

3.51 l

5.61 f

Medium
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Table 9: Effect of physical agents on the viability and propagation of the two phages
(Continued)

Freezing (6 hours)

(log10 pfu ml-1) of
phage number 1
2.86 m

(log10 pfu ml-1) of
phage number 2
4.47 g

Freezing (12 hours)

0.00 a

0.00 a

Freezing (24 hours)

0.00 a

0.00 a

Freezing (48 hours)

0.00 a

0.00 a

4°C for 1 day

8.36 b

7.49 c

4°C for 7 days

6.64 e

7.18 d

4°C for 14 days

6.25 f

6.29 e

4°C for 30 days

5.81 g

5.17 f

4°C for 45 days

2.25 n

4.31 g

4°C for 60 days

1.31 o

1.62 h

45°C for 15 minutes

8.34 b

7.61 c

45°C for 30 minutes

8.25 b

7.17 d

55°C for 15 minutes

8.14 b

6.41 e

55°C for 30 minutes

7.98 b

6.51 e

65°C for 15 minutes

5.36 h

3.31 l

65°C for 30 minutes

4.84 c

2.78 k

Boiling 100°C for 5 minutes

0.00 a

0.00 a

Boiling 100°C for 10 minutes

0.00 a

0.00 a

for

60 7.34 c

7.24 d

Ultrasonic treatment for 120

7.14 d

6.91 e

UV irradiation for 30 seconds

8.12 b

7.81 b

UV irradiation for 60 seconds

8.26 b

7.94 b

UV irradiation for 120 seconds

6.64 e

7.51 c

UV irradiation for 180 seconds

6.32 f

5.37 f

UV irradiation for 240 seconds

5.83 g

5.31 f

Medium

Ultrasonic

treatment

seconds

seconds

Values are means of five replicates for each treatment and the values with the same
letter within a column are not significantly (P > 0.05) different according to Fisher's
Protected LSD Test.
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3.12 Effects of chemical agents on phage propagation and viability
Bacteriophage number 1 (Ø1) was found to be sensitive to the treatments with
chloroform (0.5%, 1% and 3%), thymol (1% and 3%), hydrogen peroxide (1% and
3%), phenol (1% and 3%), ethyl alcohol (70% and 100%), Clorox (1% and 3%),
iodine (1% and 3%), merthiolate (1% and 3%) (Table 10). All these chemical agents
significantly (P < 0.05) reduced the numbers of plaques (Table 10). However,
bacteriophage number 1 (Ø1) showed some degree of resistance to these chemicals in
these concentrations thymol (0.5%), hydrogen peroxide (0.5%), phenol (0.5%), ethyl
alcohol (30%), Clorox (0.5%), iodine (0.5%) and merthiolate (0.5%) (Table 10).
Chloroform (3%), thymol (3%), hydrogen peroxide (3%), phenol (3%), Clorox (3%),
iodine (3%), merthiolate (3%) significantly (P < 0.05) killed bacteriophage number 1
(Ø1) (Table 10).
Bacteriophage number 2 (Ø2) was sensitive to the treatments with chloroform
(0.5%, 1% and 3%), thymol (3%), hydrogen peroxide (3%), phenol (1% and 3%),
ethyl alcohol (70% and 100%), Clorox (3%), iodine (3%), merthiolate (1% and 3%)
(Table 10). All of these chemicals greatly reduced the plaque numbers (Table 10).
However, bacteriophage number 2 (Ø2) showed some degree of resistance to these
chemicals in these concentrations thymol (0.5% and 1%), hydrogen peroxide (0.5%
and 1%), phenol (0.5%), ethyl alcohol (30%), Clorox (0.5% and 1%), iodine (0.5%
and 1%) and merthiolate (0.5%) (Table 10).
Chloroform (3%), thymol (3%), hydrogen peroxide (3%), phenol (1% and 3%),
ethyl alcohol (70%), Clorox (3%), iodine (3%), merthiolate (3%) significantly (P <
0.05) killed bacteriophage number 2 (Ø2) (Table 10).
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Table 10: Effect of chemical agents on the viability and propagation of the two phages

Untreated control

(log10 pfu ml-1) of phage (log10 pfu ml-1) of phage
number 1
number 2
8.31 b
7.72 b

Chloroform (0.5%)

7.41 c

4.12 e

Chloroform (1%)

3.61 d

2.23 g

Chloroform (3%)

0.00 a

0.00 a

Thymol (0.5%)

8.35 b

5.38 d

Thymol (1%)

7.41c

4.07 e

Thymol (3%)

0.00 a

0.00 a

Hydrogen peroxide (0.5%)

8.47 b

5.31 d

Hydrogen peroxide (1%)

7.47 c

4.18 e

Hydrogen peroxide (3%)

0.00 a

0.00 a

Phenol (0.5%)

8.25 b

4.38 e

Phenol (1%)

3.56d

0.00 a

Phenol (3%)

0.00 a

0.00 a

Ethyl alcohol (30 %)

8.28 b

5.71 d

Ethyl alcohol (70 %)

3.44 d

0.00 a

Ethyl alcohol (100 %)

7.36c

5.36 d

Clorox (0.5%)

8.37 b

5.41 d

Clorox (1%)

3.41 e

3.81 f

Clorox (3%)

0.00 a

0.00 a

Iodine (0.5%)

8.17 b

6.91 h

Iodine (1%)

3.25 e

5.46 d

Iodine (3%)

0.00 a

0.00 a

Merthiolate (0.5%)

8.09 b

6.84 h

Merthiolate (1%)

3.12 f

4.31 e

Merthiolate (3%)

0.00 a

0.00 a

Medium

Values are means of five replicates for each treatment and the values with the same
letter within a column are not significantly (P > 0.05) different according to Fisher's
Protected LSD Test.
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3.13 Effects of host age on phage propagation and viability
Less plaques for bacteriophage number 1 (Ø1) were obtained when propagation
hosts were incubated for 0-3 h, compared to those incubated for 5-10 h (Table 11).
More plagues where evident when the propagation hosts were incubated for 10 hours.
In the same time, less bacteriophage number 2 (Ø2) were achieved when propagation
hosts were incubated for 0-3 h, compared to those incubated for 5-10 h (Table 11).
3.14 Effects of host inoculum size on phage propagation and viability
More concretions of host inoculum resulted in more phage titres (Table 12) for
bacteriophage number 1 (Ø1) (Table 12). Propagation host at 107 cfu ml-1 yielded the
highest pfu ml-1 in comaprsion to 106 cfu ml-1 and 105 cfu ml-1 (Table 12).
Also, more levels of host inoculum resulted in more phage titres (Table 12) for
bacteriophage number 2 (Ø2) (Table 12).
Propagation host at 107 cfu ml-1 produced the highest pfu ml-1 in comparison to
106 cfu ml-1 and 105 cfu ml-1 (Table 12).
3.15 Effects of phage inoculum size on phage propagation and viability
More phage inoculum size showed greater phage output (Table 13) for
bacteriophage number 1 (Ø1) (Table 13). Phage inoculum size of 107 pfu ml-1
produced more plaques in comparison to106 pfu ml-1 and 105 pfu ml-1 (Table 13).
3.16 Determination of adsorption rate constant, latent period and burst size
Adsorption rate constant (K) of bacteriophage number 1 (Ø1) and
bacteriophage number 2 (Ø2) was found to be 1.33 X 10-7 ml min-1 and 1.51 X 10-7 ml
min-1, respectively (Table 14).
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Counts from samples taken after 35-40 min suggested that infected cells were
lysing and liberating phage. Latent period values obtained for bacteriophage number 1
(Ø1) and bacteriophage number 2 (Ø2) was 45 and 40 minutes, respectively (Table 14).
The rise periods of the bacteriophage number 1 (Ø1) and bacteriophage number 2 (Ø2)
was 35 minutes and 45 minutes, respectively (Table 14).
The average burst sizes of bacteriophage number 1 (Ø1) and bacteriophage
number 2 (Ø2) was 22.5 and 16.4 virions/cell, respectively (Table 14). The second
burst began at around 75-85 minutes; nearly 40-45 min after the first burst began
which confirmed the minimum latent period of 35-45 min for the two phages (Table
14).
Table 11: Effect of incubation time of host (in hours) prior to inoculation (host age) on
the phages productivity and yield of phages
Incubation time (in hours) (log10 pfu ml-1) of phage (log10 pfu ml-1) of phage
at 37˚C of host prior to number 1
number 2
inoculation with the phage
0
6.14 a
7.78 a
3
6.11 a
7.92 a
5
6.51 b
9.14 b
10
8.38 c
9.44 c
Values are means of five replicates and the values with the same letter within a
column are not significantly (P > 0.05) different according to Fisher's Protected LSD
Test.
Table 12: Effect of propagation host inoculum size on the phages productivity and
yield of phages
Propagation host
(log10 pfu ml-1) of phage (log10 pfu ml-1) of phage
inoculum size (cfu ml-1 number 1
number 2
of host suspension)
107
6.94 a
6.61 a
6
10
5.84 b
5.12 b
105
5.24 c
4.71 c
104
4.42 d
4.21 d
Values are means of five replicates and the values with the same letter within a
column are not significantly (P > 0.05) different according to Fisher's Protected LSD
Test.
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Table 13: Effect of phage inoculum size on the phages productivity and yield of
phages
Phage inoculum size (pfu (log10 pfu ml-1) of (log10 pfu ml-1) of
ml-1 of phage suspension) phage number 1
phage number 2
7
10
6.51 a
6.26 a
106
6.22 b
5.71 b
5
10
5.87 c
5.33 c
104
5.32 d
4.97 d
103
4.84 e
4.11 e
102
3.33 f
3.57 f
101
2.11 g
2.05 g
Values are means of five replicates and the values with the same letter within a
column are not significantly (P > 0.05) different according to Fisher's Protected LSD
Test.
Table 14: Biological properties of phage number 1 (Ø1) and phage number 2 (Ø2)
active against L. pneumophila
Phage number

Phage number 1 (Ø1) active
against L. pneumophila
Phage number 2 (Ø2) active
against E. coli and L.
pneumophila

Adsorption
rate
constant K
(ml min)

Latent
period
(min)

Rise
period
(min)

Burst
size
relative
increase
(virions/cells)

1.33x10 -7

45

35

22.5

1.51 x10 -7

40

45

16.4

3.17 The effect of incorporation of bacteriophages on the population densities of
L. pneumophila in the environmental water samples
3.17.1 Effect of mixing the two phages on bacterial growth
When bacteriophage number 1 (Ø1) and bacteriophage 2 (Ø2) selected to
inhibit L. pneumophila were mixed together, there were no inhibitory effects of the
two phages on each other’s. The two phages in one mixture were still able to inhibit
the growth of L. pneumophila.
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In control treatments which contained the killed L. pneumophila alone
(treatment 2), no bacteria were found at the end of the incubation period after 3 days,
(Tables 15). In the control treatment which contained the autoclaved L. pneumophila +
L. pneumophila phage (treatment 3), neither the bacterium L. pneumophila nor L.
pneumophila phages were found in the water sample. In addition, the treatment which
contained the autoclaved L. pneumophila phage alone (treatment 1), no L.
pneumophila phages were found.
In treatments which contained the L. pneumophila phages alone (treatment 4),
the phages were found to be at high levels at the end of the incubation period after 3
days of incubation (Table 15). The log10 plaque forming units (pfu) ml-1 water of the
two phages were found to be with high titres (Tables 15). No bacteria were observed
in treatments 4, 5 and 6 (Table 15).
In the treatments which contained the living L. pneumophila alone (treatment
5), L. pneumophila were found at the end of the incubation period after 3 days
(Table15). The population densities of L. pneumophila expressed as log10 colony
forming units (cfu) ml-1 water was found to be significantly (P < 0.05) higher
compared to other treatments which contained the bacteria and the phages together.
The application of bacteriophage number 1 (Ø1) and bacteriophage number 2
(Ø2) selected to inhibit L. pneumophila in environmental water infested with L.
pneumophila (treatment 6), significantly (P < 0.05) reduced the population densities of
L. pneumophila in treatment 6 compared to the treatments which included the
application of living L. pneumophila alone (treatment 5) (Tables 15). Treatment 6 (the
two bacteriophages together + living L. pneumophila) in L. pneumophila amended
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water sample gave the best control and significantly (P < 0.05) reduced the population
densities of L. pneumophila in comparison with other treatments (Table 15).
Table 15: Effect of incorporation of two bacteriophages on L. pneumophila growth.
Different treatments to study the effect of incorporation of bacteriophages on the
population densities of L. pneumophila (expressed as log10 cfu ml-1 water) and on the
population densities of L. pneumophila phages (expressed as log10 pfu ml-1 water) after
incubation at 37˚C for 3 days.
Treatments

(1)

Phages population
densities as log10 (pfu)
ml-1 water
(autoclaved
0.00 a

Control

environmental

water)

L. pneumophila
population densities as
log10 (cfu) ml-1 water
0.00 a

+

autoclaved L. pneumophila phage
alone.
(2)

Control

environmental

(autoclaved
water)

0.00 a

0.00 a

0.00 a

0.00 a

7.68 b

0.00 a

0.00 a

8.42 b

9.91 c

2.25 c

+

autoclaved L. pneumophila alone.
(3)

Control

environmental

(autoclaved
water)

+

autoclaved L. pneumophila + L.
pneumophila phage.
(4) Environmental water + L.
pneumophila phage alone.
(5) Environmental water + living
L. pneumophila alone.
(6) Environmental water + living
L. pneumophila + L. pneumophila
phage.
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Chapter 4: Discussion
Legionnaires' disease is a potentially fatal form of pneumonia which can affect
human, but principally affects those who are susceptible and pre-desosed to infection
due to old age, illness, immunosuppressed and patients at risk. Legionnaires' disease is
caused by Gram negative rod bacteria called L. pneumophila. More than 2.4 million
cases of pneumonia is reported each year in the USA, and an estimation of 8,000 to
18,000 are actually of confirmed cases of Legionnaires' disease (Garcia-Vidal et al.,
2013).
In the UAE, there has been an increase in the number of cases of Legionnaires’
disease which are associated with recent travel to Dubai. Incidents doubled between
October 2016 and August 2017 (ECDC, 2016).
Diaz et al. (1989) demonstrated that the isolation and identification of
bacteriophages are of interest for many reasons, these include; (i) the obstacles they do
to inside the fermentation tanks (Chater, 1986), (ii) their value for bacterial
identification using the bacteriophage typing method (Korn-Wendish and Schneider,
1992), (iii) their applications for the detection of host controlled restrictionmodification systems (Diaz et al., 1989), (iv) their applications as a powerful tool in
genetic exchange in bacteria (Herron and Wellington, 1990), (v) the study of
bacteriophage ecology and their applications in the field of molecular biology
(Lomovskaya et al., 1980; Williams et al., 1987), and (vi) their applications in the
field of bacteriophage therapy to reduce the reliance on antibiotics (Brussow, 2007).
The objectives of the current thesis were to: (i) obtain super lytic bacteriophage
that can kill L. pneumophila in vitro; (ii) test the effectiveness of the isolated
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bacteriophages to reduce the population density of L. pneumophila in environmental
water samples.
In the current study and in an attempt to obtain bacteriophages active against
the Gram negative bacterium L. pneumophila known to cause Legionnaires' disease in
cooling towers and environmental water samples, two bacteriophages were isolated
from untreated raw waste water samples collected from sewage treatment plant in AlAin. The optimum concentration of the two phages used was found to be 1010 pfu ml-1.
Bacteriophage number 1 (Ø1) was isolated using L. pneumophila as a
propagation host and was found to be polyvalent and lysed L. pneumophila and the
Gram negative bacteria (Escherichia coli, Enterococcus aerogenes, Enterococcus
cloacae, Salmonella typhimurium and Shigella sonnei) also lysed the Gram positive
bacteria (Enterococcus faecalis). On the other hand, bacteriophage number (Ø2)
isolated using E.coli as a propagation host was also found to be polyvalent and lysed
L. pneumophila and the Gram negative bacteria (Escherichia coli, Escherichia coli,
and Salmonella typhimurium), in addition to the Gram positive bacteria (Enterococcus
faecalis and Streptococcus pyogenes).
Bacteriophages active against bacteria are commonly isolated from sewage and
it is evident that bacteriophages are common flora in the sewage environment (Tartera
and Jofre, 1987; Ricca and Cooney, 2000).
The inability of bacteriophage number 1(Ø1) to lyse some examples of Gram
positive bacteria and some Gram negative bacteria except L. pneumophila
demonstrated the importance of specific receptor sites on the bacterial cell wall and
also showed that the differences in the cell wall structures between Gram positive and
negative bacteria are important. These findings in the present study are in agreements
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with those reported by Ricca and Cooney (2000) and Kimura et al. (2008).
The increase in the (pfu ml-1) of bacteriophages when Ca(NO3)2 was
incorporated in the medium, confirmed the findings of Adams (1959) who showed that
divalent cations such as Ca++ are important cation for adsorption of phage to their
receptors on bacterial cells. Gold (1959) also demonstrated that incorporation of
divalent cations Ca(NO3)2 to the bacteria-phage medium increased significantly the
number and size of plaques produced by phage. The increased concentrations of NaCl
used in the current thesis affected negatively the numbers of plaques on the three
media used. These findings also are in accordance with Walton (1951) who showed
that certain concentrations of alkaline cations, ammonium potassium and sodium,
inhibited the propagation of phages that attack bacterial host (Walton, 1951).
The physical and chemical agents used in this investigation had negative effect
on the two phages used, with bacteriophage (Ø1) was the most affected.
Bacteriophage (Ø1) was sensitive to the treatments with freezing, refrigeration,
heating, boiling, ultrasonic treatment and UV radiation. Freezing bacteriophage (Ø1)
for 30 minutes, one hour, two hours (but not 3 hours, four hours, five hours, six hours,
12 hours, 24 hours, and 48 hours) showed negative effects on the multiplication of
bacteriophage. At 4°C bacteriophage (Ø1) number of plaques decreased significantly
with passage of time. Heating bacteriophage (Ø1) at 45°C, 55°C (but not at 65°C) for
15 minutes and for 30 minutes did not show any adverse effect on the virus viability
and the numbers of plaques. Boiling bacteriophage (Ø1) at 100°C for 5 minutes and
for 10 minutes completely killed the phage as evident with no plaque formation.
Bacteriophage (Ø1) was able to resist the ultrasonic treatment for 60 seconds and 120
seconds but with a reduced rate in comparison to the control treatment. Exposing
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bacteriophage (Ø1) to UV radiation for 30 seconds and 60 seconds (but not 120
seconds, 180 seconds and 240 seconds) showed no adverse effect on the bacteriophage
activity and viability. Although the majority of phages are resistant to chemical
detergents and other chemical and physical agents, their inactivation by these agents is
commonly observed (Goyal, 1987).
Bacteriophage (Ø2) was sensitive to the treatments with freezing, refrigeration,
heating, boiling, ultrasonic treatment and UV radiation. Freezing bacteriophage (Ø2)
for 30 minutes, one hour, two hours, 3 hours (but not four hours, five hours, six hours,
12 hours, 24 hours, and 48 hours) showed negative effect on the viability of the
bacteriophage. At 4°C bacteriophage (Ø2) numbers significantly decreased markedly
with time. Heating the bacteriophage (Ø2) at 45°C, and 55°C for 15 minutes and for
30 minutes (but not 65°C for 15 minutes and for 30 minutes) did not show any bad
effect on the virus multiplication and activity.
Boiling bacteriophage (Ø2) at 100°C for 5 minutes and for 10 minutes
completely; killed the phage as clear from the experiment that showed no plaque
formation.

Bacteriophage (Ø2) was able to resist the ultrasonic treatment for 60

seconds and 120 seconds but with a reduced rate compared to the control treatment.
Exposing bacteriophage (Ø2) to UV radiation for 30 seconds, 60 seconds and 120
seconds (but not 180 seconds and 240 seconds), showed no harmful effect on the
phage activity and multiplication.
Many phages have been reported to be very strong and showed degree of
resistant to many physical agents as demonstrated by Goyal (1987). This supports the
finding in the present study which showed that bacteriophages (Ø1) and (Ø2) showed
some degrees of resistance to the physical agents examined in the current thesis.
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Bacteriophage (Ø1) was very sensitive to the treatments with chloroform
(0.5%, 1% and 3%), thymol (1% and 3%), hydrogen peroxide (1% and 3%), phenol
(1% and 3%), ethyl alcohol (70% and 100%), Clorox (1% and 3%), iodine (1% and
3%), merthiolate (1% and 3%).

However, the bacteriophage (Ø1) showed some

degree of resistance to these chemicals in these concentrations thymol (0.5%),
hydrogen peroxide (0.5%), phenol (0.5%), ethyl alcohol (30%), Clorox (0.5%), iodine
(0.5%) and merthiolate (0.5%). Bacteriophage (Ø2) was sensitive to the treatments
with chloroform (0.5%, 1% and 3%), thymol (3%), hydrogen peroxide (3%), phenol
(1% and 3%), ethyl alcohol (70% and 100%), Clorox (3%), iodine (3%), merthiolate
(1% and 3%).

All of these chemicals greatly reduced the numbers of plaques.

However, the bacteriophage (Ø2) showed some degree of resistance to these chemicals
in these concentrations thymol (0.5% and 1%), hydrogen peroxide (0.5% and 1%),
phenol (0.5%), ethyl alcohol (30%), Clorox (0.5% and 1%), iodine (0.5% and 1%) and
merthiolate (0.5%). Many phages have been reported to be resistant to some chemical
agents as showed by Goyal (1987). This in accordance to the finding in the current
study which showed that bacteriophages (Ø1) and (Ø2) showed some degrees of
resistance to the chemical agents used in the current thesis.
This degree of resistance of the two bacteriophages towards some physical and
chemical agents will improves the application of the bacteriophages as a biological
product as bacteriophages can now tolerate harsh environmental conditions during
storage and the application of the bacteriophages as a product in environmental water
samples.
In the current study, less bacteriophage (Ø1) numbers were obtained when
propagation hosts were incubated for 0-3 h, as compared to those incubated for 5-10 h.
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In the same time, less bacteriophage (Ø2) were obtained when propagation hosts were
incubated for 0-3 h, as compared to those incubated for 5-10 h. More populations of
host resulted in greater phage titres for bacteriophage (Ø1) and also greater phage titres
for bacteriophage (Ø2) as compared with less host inoculum.
More phage inoculum size resulted in more phage output for bacteriophage
(Ø1) and also for bacteriophage (Ø2). Adsorption rate constant (K) of bacteriophage
(Ø1) and (Ø2) were found to be 1.33 X 10-7 ml min-1 and 1.51 X 10-7 ml min-1,
respectively. Latent period values obtained for bacteriophage (Ø1) and (Ø2) were
found to be 45 minutes and 40 minutes, respectively. The rise periods of the
bacteriophage (Ø1) and (Ø2) were found to be 35 minutes and 45 minutes,
respectively. The average burst sizes of bacteriophage (Ø1) and (Ø2) were found to be
22.5 virions/cell and 16.4 virions/cell, respectively.
Dowding (1973) reported that bacteria, including actinomycetes, do not
germinate synchronously, so that by the time a high enough proportion of spores have
germinated, some of them will be large clumps of mycelium. Therefore, the one-step
growth experiments in this study agree with Dowding (1973) who suggested that the
idea of multiplicity of infection (MOI) will remain meaningless in host-phage systems
until a method is found to achieve synchronous and uniform spore germination. It is
noteworthy to mention that other factors such as host age and nature of the host can
affect the phage burst size (Bradley et al., 1961). The burst sizes obtained for the two
phages used in the current thesis were obviously lower than the ones obtained by
Dowding (1973) but more compared to those values obtained by Sykes et al. (1981)
for other phages.
The negatively stained particles of the bacteriophage number 1 (Ø1) and the
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bacteriophage number 2 (Ø2) matched the Siphoviridae (B1) morphotype (Francki et
al., 1991) which consisted of icosahedral heads (Figure 12, 13). Many bacteriophages
are known to consist only of icosahedral heads with tails and tails fibers. Ackermann
and Heldal (2010) reported that some bacteriophages are fairly simple in structure
without the formation of the head and tails.
Resistant bacteria to antibiotics in the market are causing increasingly serious
problems, raising widespread fears of returning to a pre-antibiotic era of untreatable
infections and epidemics (Brussow, 2007; Hanlon, 2007; Kimura et al., 2008). Despite
work by drug companies, no new antibiotics classes have been produced in the last 30
years (Brussow, 2007; Hanlon, 2007). There are hopes that the new found ability to
sequence entire microbial genomes and to determine the molecular bases of
pathogenicity will open new avenues for treating infectious diseases, but other
methods are also being sought with increasing fervor (Soothill et al., 2004;
Sulakvelidze, 2005; Hanlon, 2007). One result is a renewed interest in the
bacteriophage therapy which can be defined as “the application of a specific kind of
bacterial viruses “phages or bacteriophages” that attack only bacteria to kill
pathogenic microorganisms (Barrow and Soothill, 1997; Sulakvelidze et al., 2001;
Brussow 2005; Sulakvelidze, 2005).
In the present thesis, the use of mixture of bacteriophage (Ø1) and
bacteriophage (Ø2) in water infested with L. pneumophila significantly (P < 0.05)
reduced the population densities of L. pneumophila. Results show that there is a
potential to use a mixture of these two bacteriophages rather for the prevention of L.
pneumophila in cooling towers and environmental water samples.
Bacteriophages are highly specific in killing certain strains of bacteria, just like
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antibiotics, but with the added benefit of multiplying as they eat the host, so they
spread rapidly. Recent work has shown that bacteriophages are highly effective at
clearing pathogens from environmental water samples (Häusler, 2006).
Isolation of phages from different substrates and neglected environments will
increase our knowledge on the ecology of species, genus and family specific phage as
well as provide additional information on phage ecology and phage-host interactions
(Williams and Lanning, 1984).
In conclusion, the isolated bacteriophages in the current thesis have great
potential in the field of cooling towers maintenance because they are self-replicating
and can be targeted against bacterial receptors that are essential for bacterial
pathogenesis. The phages obtained can be used as a safe and alternative technique to
reduce using chemical detergents in cooling towers.
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Chapter 5: Conclusion
Two lytic bacteriophages designated bacteriophage number 1 (Ø1) and
bacteriophage number 2 (Ø2) were isolated from untreated raw waste water samples
collected from sewage treatment plant.
Both bacteriophage number 1 (Ø1) and number 2 (Ø2) were shown to be a
polyvalent lytic phage and lysed its propagation host L. pneumophila and many other
Gram positive and Gram negative bacteria.
The optimum concentration of the two phages used was found to be 1010
plaques forming unit (pfu ml-1).
Peptone-yeast extract agar incorporated with calcium nitrate was the best
medium for phage cultivation and propagation.
Bacteriophage (Ø1) and bacteriophage (Ø2) was sensitive to the treatments with
freezing, refrigeration, heating, boiling, ultrasonic treatment and UV radiation.
However, bacteriophage (Ø2) was much more resistant compared to bacteriophage
(Ø1).
The application of a mixture of bacteriophage (Ø1) and bacteriophage (Ø2) in
environmental water samples infested with L. pneumophila, significantly reduced the
population densities of L. pneumophila compared to the treatments which included the
application of living L. pneumophila alone.
The isolated bacteriophages have great potential in maintaining the hygiene of
the cooling towers because they are self-replicating and can be targeted against
bacterial receptors.

83

References
Abdul-Hassan, H. S., El-Tahan, E., Massoud, B., & Gomaa, R. (1990). Bacteriophage
therapy of Pseudomonas burn wound sepsis. Annual Mediterranean Burn
Club, 3, 262–264.
Abedon, S. T. (2014). Phage Therapy : Eco-Physiological Pharmacology. Scientifica,
2014, 1-29.
Ackermann, H. W., and Heldal, M. (2010). Basic electron microscopy of aquatic
viruses. In: S. W. Wilhelm, M. G. Weinbauer, & C. A. Suttle [eds.]: Manual of
Aquatic Viral Ecology (pp 182-192). American Society of Limnology and
Oceanography, Waco, Taxas, USA.
Adams, M. (1959). Bacteriophages (pp 169-172). Wiley InterScience, New York,
U.S.A.
Ahmed, K., Kaderbhai, N. N., & Kaderbhai, M. A. (2012). Bacteriophage therapy
revisited. African Journal of Microbiology Research, 6(14), 3366-3379.
Andreatti Filho, R. L., Higgins, J. P., Higgins, S. E., Gaona, G., Wolfenden, A. D.,
Tellez, G., & Hargis, B. M. (2007). Ability of Bacteriophages Isolated from
Different Sources to Reduce Salmonella enterica Serovar Enteritidis in vitro
and in vivo. Poultry science, 86(9), 1904-1909.
Angshumanjana, Anirbanjana, Dipjitdey, Arijitmajumdar, Jayantabikashdey & Nikhil
Tudu. (2016). Selection of Storage Methods for Maintenance of Different
Stock Cultures. International Journal of Current Microbiology and Applied
Sciences, 5(10), 1097–1104.
AWT (Association of Water Technologies.). (2003). Legionella 2003 : An Update and
Statement by the Association of Water Technologies ( AWT ). United States
Association of Water Technologies, 1–33.
Bárdy, P., Pantůček, R., Benešík, M., & Doškař, J. (2016). Genetically modified
bacteriophages in applied microbiology. Journal of Applied Microbiology,
121(3), 618–633.
Barrow, P. A., and J. S. Soothill. (1997). Bacteriophage therapy and prophylaxis:
rediscovery and renewed assessment of potential. Trends in Microbiology,
5(7), 268–271.
Bhardwaj, S. B. (2014). Bacteriophage Therapy: A possible new alternative for oral
diseases. International Journal of Current Microbiology and Applied Sciences,
3(6), 437–442.

84
Bradley, S. G., Anderson, D. L., & Jones, L. A. (1961). Phylogeny of actinomycetes as
revealed by susceptibility to actinophage. Developments in Industrial
Microbiology, 2, 223-237.
Brownell, G. H., Adams, J. N., & Bradley, S. G. (1967). Growth and Characterization
of nocardiophages for Nocardia canicruria and Nocardia erythropolis mating
types. Journal of General Microbiology, 47(2), 247-256.
Brussow, H. (2005). Phage therapy: the Escherichia coli experience. Microbiology,
151(7), 2133-2140.
Brussow, H. (2007). Phage Therapy: The Western Perspective. In: Bacteriophage:
Genetics and Molecular Biology (pp. 14-1). Caister Academic Press. Norfolk,
UK.
Burm, R., and Steward, G.F. (2010). Morphological characterization of viruses in the
stratified water column of alkaline, hypersaline Mono Lake. Microbial
Ecology, 60(3), 636-643.
CDC (Centers for Disease Control and Prevention). (2003). Guidelines for
environmental infection control in health-care facilities: recommendations of
CDC and the Healthcare Infection Control Practices Advisory Committee
(HICPAC). MMWR Recomm Rep., 52, 1-48.
CDC. (2011). Influenza vaccination coverage among health-care personnel --- United
States, 2010-11 influenza season. MMWR. Morbidity and mortality weekly
report
(Vol.
60).
Retrieved
from
http://www.ncbi.nlm.nih.gov/pubmed/21849963
CDC and NIH (National Institutes of Health). (1999). Biosafety in Microbiological
and Biomedical Laboratories. Public Health Service, 5th Editio(April), 1–250.
Chater, K. F. (1986). Streptomyces phages and their applications to Streptomyces
genetics. In: The bacteria (pp. 119-158). Academic Press, New York, U.S.A.
Chibeu, A. (2013). Bacteriophages in food safety. Microbial pathogens and strategies
for combating them: science, technology and education. Formatex Research
Center, 1041-1052.
Clark, F. E. (1965). The Concept of Competition in Microbial Ecology. In: Ecology of
Soil-borne Plant Pathogens: prelude to biological control (pp 339-345).
University of California Press, Berkeley.
Correia, A. M., Ferreira, J. S., Borges, V., Nunes, A., Gomes, B., Capucho, R., ... &
Guerreiro, M. (2016). Probable Person-to-Person Transmission of Legionnaires
’ Disease, 2016–2017. New England Journal of Medicine, 374, 497-498.

85
Cunha, B. A., Burillo, A., & Bouza, E. (2016). Legionnaires ’ disease. The Lancet,
387(10016), 376–385.
Dabrera, G., Brandsema, P., Lofdahl, M., Naik, F., Cameron, R., McMenamin, J., ... &
Phin, N. (2017). Increase in legionnaires’ disease cases associated with travel
to Dubai among travellers from the United Kingdom, Sweden and the
Netherlands, October 2016 to end August 2017. Eurosurveillance, 22(38), 2–5.
Diaz, L. A., Hardisson, C., & Rodicio, M. R. (1989). Isolation and characterization of
actinophages infecting Streptomyces species and their interaction with host
restriction-modification systems. Journal of Genetic Microbiology, 135(7),
1847-1856.
Dooling, K. L., Toews, K. A., Hicks, L. A., Garrison, L. E., Bachaus, B., Zansky, S.,
... & Thomas, A. (2015). Active bacterial core surveillance for legionellosis—
United States, 2011–2013. Morbidity and Mortality Weekly Report (MMWR),
64(42), 1190-1193.
Dowding, J. E. (1973). Characterization of bacteriophage virulent for Streptomyces
coelicolor A3 (2). Journal of General Microbiology, 76(1), 163-176.
ECDC (European Centre for Disease Prevention and Control). (2016). Increase of
cases of Legionnaires ’ disease in EU travellers returning from Dubai , October
− December 2016. Stockholm: ECDC. [Accessed 18 Nov. 2018]. Available on:
http://ecdc.europa.eu/en/publications/_layouts/forms/Publication_DispForm.as
px?List=4f55ad51-4aed-4d32-b960af70113dbb90&ID=1623#sthash.AzaJAuyA.dpuf
Endersen, L., O'Mahony, J., Hill, C., Ross, R. P., Mcauliffe, O., & Coffey, A. (2014).
Phage therapy in the food industry. Annual review of food science and
technology, 5, 327-349.
EPA (Environmental Protection Agency). (1999). Legionella : Human Health Criteria
Document. United States Environmental Protection Agency, Washington, DC.
Fields, B. S., Benson, R. F., & Besser, R. E. (2002). Legionella and Legionnaires'
disease: 25 years of investigation. Clinical microbiology reviews, 15(3), 506526.
Fink, R., and Gilman, E. A. (2000). Biological contamination of the building
environment : Sampling and Analysis. Journal of the American Biological
Safety Association, 5(1), 19-29.
Francki, R. I. B. (1991). Classification and nomenclature of viruses. Fifth report of the
International Committee on Viruses. Archives of virology, 2, 1-450.

86
Garcia-Vidal, C., Labori, M., Viasus, D., Simonetti, A., Garcia-Somoza, D., Dorca, J.,
... & Carratalà, J. (2013). Rainfall Is a Risk Factor for Sporadic Cases of
Legionella pneumophila Pneumonia. PLoS One, 8(4), 4–8.
Goetz, A. M., Stout, J. E., Jacobs, S. L., Fisher, M. A., Ponzer, R. E., Drenning, S., &
Yu, V. L. (1998). Nosocomial Legionnaires’ disease discovered in community
hospitals following cultures of the water system: Seek and ye shall find.
American Journal of Infection Control, 26(1), 8–11.
Gold, W. (1959). Effects of the medium and its composition on the activities of
actinophage for Streptomyces griseus. Annals of the New York Academy of
Science 81(1), 995-1016.
Goyal, S. M. (1987). Methods in phage ecology. In Phage Ecology (pp. 267-288).
John Wiley and Sons Incorporation New York, U.S.A.
Grabow, W. O. K. (2001). Bacteriophages: Update on application as models for
viruses in water. Water SA, 27(2), 251–268.
Hanlon, G.W. (2007). Bacteriophages: an appraisal of their role in the treatment of
bacterial infections. International Journal of Antimicrobial Agents, 30(2), 11828.
Haq, I. U., Chaudhry, W. N., Akhtar, M. N., Andleeb, S., & Qadri, I. (2012).
Bacteriophages and their implications on future biotechnology : a review.
Virology journal, 9(1), 1–8.
Harper, D. (2012). Virus’s biology, application and control (pp. 163-184). First
edition. Garland Science. London, UK.
Harper, D. R., and Kutter, E. (2008). Therapeutic use of bacteriophages. In
Encyclopedia of Life Sciences (pp 201-213). John Wiley & Sons, Chichester,
UK.
Harper, D. R., Parracho, H. M. R. T., Walker, J., Sharp, R., Hughes, G., Werthén, M.,
... & Morales, S. (2014). Bacteriophages and Biofilms. Antibiotics, 3(3), 270284.
Häusler, T. (2006). Viruses vs. Superbugs: A Solution to the Antibiotics Crisis? (pp
133-136). Macmillan, London, UK.
Herron, P. R., and Wellington, E. M. H. (1990). New method for extraction of
streptomycete spores from soil and application to the study of lysogeny in
sterile amended and non sterile soil. Journal of Applied Environmental
Microbiology, 56(5), 1406-1412.

87
Iervolino, M., Mancini, B., & Cristino, S. (2017). Industrial Cooling Tower
Disinfection Treatment to Prevent Legionella spp. International journal of
environmental research and public health, 14(10), 1-14.
Jacob, J., and Cherian, J. (2015). Sustainability management for reducing the health
hazards in the indoor swimming pools of UAE. Asian Social Science, 11(15),
124–135.
Janez, N., and Loc-carrillo, C. (2013). Use of phages to control Campylobacter spp .,
Journal of microbiological methods, 95(1), 68-75.
Johnke, J., Cohen, Y., De Leeuw, M., Kushmaro, A., Jurkevitch, E., & Chatzinotas, A.
(2014). Multiple micro-predators controlling bacterial communities in the
environment. Current Opinion in Biotechnology, 27, 185–190.
Kimura, Z., Nakayama, N., & Asakawa, S. (2008). Ecology of viruses in soils: Past,
present and future perspectives. Soil Science and Plant Nutrition, 54(1), 1-32.
Kirrage, D., Reynolds, G., Smith, G. E., & Olowokure, B. (2007). Investigation of an
outbreak of Legionnaires’ disease: Hereford, UK 2003. Respiratory Medicine,
101(8), 1639–1644.
Konishi, T., Yamashiro, T., Koide, M., & Nishizono, A. (2006). Influence of
Temperature on Growth of Legionella pneumophila Biofilm Determined by
Precise Temperature Gradient Incubator, Journal of bioscience and
bioengineering, 101(6), 478–484.
Korn-Wendish, F., and Schneider, J. (1992). Phage typing - a useful tool in
actinomycete systematics. Gene, 115(1), 243-247.
Krylov, V. N. (2014). Bacteriophages of Pseudomonas aeruginosa: long-term
prospects for use in phage therapy. In: Advances in virus research (pp. 227278). Academic Press.
Kusnetsov, J. M., Tulkki, a I., Ahonen, H. E., & Martikainen, P. J. (1997). Efficacy of
three prevention strategies against Legionella in cooling water systems.
Journal of Applied Microbiology, 82(6), 763–768.
Lammertyn, E., Voorde, J. Vande, & Meyen, E. Maes, L., Mast, J., & Anné, J. (2008).
Evidence for the Presence of Legionella Bacteriophages in Environmental
Water Samples. Microbial ecology, 56(1), 191–197.
Lin, Y. E., Stout, J. E., & Victor, L. Y. (2011). Controlling Legionella in Hospital
Drinking Water : An Evidence-Based Review of Disinfection Methods.
Infection Control & Hospital Epidemiology, 32(2), 166-173.

88
Lin, Y. E., and Yu, V. L. (2015). Legionnaires ’ disease in nursing homes and longterm care facilities : an emerging catastrophe. The Journal of Nursing Home
Research, 1, 28–32.
Lomovskaya, N. D., Chater, K. F., & Mkrtumian, N. M. (1980). Genetics and
molecular biology of Streptomyces bacteriophages. Journal of Microbiology
Review, 44(2), 206-229.
Lomovskaya, N. D., Mkrtumian, N. M., Gostimskaya, N. L., & Danilenko, V. N.
(1972). Characterisation of temperate actinophage φC31 isolated from
Streptomyces coelicolor A3 (2). Journal of Virolog, 9(2), 258-262.
Mraz, A. L., and Weir, M. H. (2018). Knowledge to predict pathogens: Legionella
pneumophila lifecycle critical review Part I uptake into host cells. Water,
10(2).
Nguyen, T. M. N., Ilef, D., Jarraud, S., Rouil, L., Campese, C., Che, D., … &
Desenclos, J. (2006). A Community-Wide Outbreak of Legionnaires Disease
Linked to Industrial Cooling Towers — How Far Can Contaminated Aerosols
Spread ?, 193. The Journal of infectious diseases, 193(1), 102-111.
Patel, S. R., Verma, A. K., Verma, V. C., Janga, M. R., & Nath, G. (2015).
Bacteriophage therapy – Looking back in to the future, (3), 284–294.
Prussin II, A. J., Schwake, D. O., & Marr, L. C. (2017). Ten questions concerning the
aerosolization and transmission of Legionella in the built environment.
Building and Environment, 123, 684–695.
Qadir, M. I. (2015). Phage therapy : A modern tool to control bacterial infections.
Pakistan journal of pharmaceutical sciences, 28(1), 265–270.
Ricca, D. M., and Cooney J. J., (2000). Screening environmental samples for sourcespecific bacteriophage hosts using a method for the simultaneous pouring of 12
petri plates. Journal of Industrial and Microbiological Biotechnology, 24(2),
124–126.
Rose, T., Verbeken, G., Vos, D. De, Merabishvili, M., Vaneechoutte, M., Lavigne, R.,
... & Pirnay, J. (2014). Experimental phage therapy of burn wound infection :
difficult first steps. International journal of burns and trauma, 4(2), 66–73.
Schrader, S. (May 2014). The Isolation and Characterization of TiroTheta9 , a Novel
A4 Mycobacterium Phage-BSc, Western Kentucky University. Kentucky, U.S.
Sillankorva, S. M., Oliveira, H., & Azeredo, J. (2012). Bacteriophages and Their Role
in Food Safety. International journal of microbiology, 2012, 1-13.

89
Sivasithamparam, K., Parker, C.A., & Edwards, C.S. (1979). Rhizosphere
microorganisms of seminal and nodal roots of wheat grown in pots. Journal of
Soil Biology and Biochemistry, 11(2), 155-160.
Soothill, J., Hawkins, C., Anggård, E., & Harper, D. (2004). Therapeutic use of
bacteriophages. The Lancet Infectious Disease, 4(9), 544-545.
Springston, J. (1999). Legionella bacteria in building environments. Occupational
Hazards, 61(8), 51-55.
Springston, J. P., & Yocavitch, L. (2017). Existence and control of Legionella bacteria
in building water systems: A review. Journal of Occupational and
Environmental Hygiene, 14(2), 124–134.
Stout, J. E., Lin, Y. S. E., Goetz, A. M., & Muder, R. R. (1998). Controlling
Legionella in hospital water systems: experience with the superheat-and-flush
method and copper-silver ionization. Infection Control & Hospital
Epidemiology, 19(12), 911-914.
Stout, J. E., & Yu, V. L. (1997). Legionellosis. New England Journal of Medicine,
337(10), 682-687.
Sulakvelidze, A. (2005). Phage therapy: an attractive option for dealing with
antibiotic-resistant bacterial infections. Drug Discovery Today 12(10), 807809.
Sulakvelidze, A. (2013). Using lytic bacteriophages to eliminate or significantly
reduce contamination of food by foodborne bacterial pathogens. Journal of the
Science of Food and Agriculture, 93(13), 3137-3146.
Sulakvelidze, A., Alavidze, Z., & Morris, J. G. (2001). Bacteriophage Therapy.
Antimicrobial agents and chemotherapy, 45(3), 649–659.
Sykes, I. K., Lanning, S., & Williams, S. T. (1981). The effect of pH on soil
actinophage. Journal of General Microbiology, 122(2), 271-280.
Tartera, C., and Jofre, J. (1987). Bacteriophages active against Bacteroides fragilis in
sewage-polluted waters. Journal of Applied and Environmental Microbiology,
53(7), 1632–1637.
Teng-hern, T. L., Kok-Gan, C., & Han, L. L. (2014). Application of Bacteriophage in
Biocontrol of Major Foodborne Bacterial Pathogens. Journal of Molecular
Biology and Molecular Imaging, 1(1), 1–9.
Van Riemsdijk-van Overbeeke, I., and van den Berg, B. (1996). Severe Legionnaire's
disease requiring intensive care treatment. The Netherlands journal of
medicine, 49(5), 196-201.

90
Van Twest R., Kropinski A. M. (2009).Bacteriophage enrichment from water and soil.
In: Bacteriophages (pp. 15-21). Methods in Molecular Biology™, Humana
Press.
Vickers, J. C., and Williams, S. T. (1987). An assessment of plate inoculation
procedures for the enumeration and isolation of soil streptomycetes.
Microbiology Letters, 35(139), 113-117.
Walser, S. M., Gerstner, D. G., Brenner, B., Höller, C., Liebl, B., & Herr, C. E. W.
(2014). Assessing the environmental health relevance of cooling towers - A
systematic review of legionellosis outbreaks. International Journal of Hygiene
and Environmental Health, 217(2–3), 145–154.
Walton, R. B. (1951). Effects of cations upon multiplication of actinophage for
Streptomyces griseus. Antibiotics and Chemotherapy, 1(8): 518-522.
WHO (World Health Organization). (2007). Legionella and the prevention of
legionellosis.
[Accessed
18
Nov.
2018].
Available
on:
http://apps.who.int/iris/bitstream/handle/10665/43233/9241562978_eng.pdf?se
quence=1&isAllowed=y
WHO. (2018). Summary report on the meeting on Legionnaires’ disease among
European travellers to Dubai: Establishing consensus on a public health event
through expert review. Cairo, Egypt, 24-25 January 2018 (No. WHOEM/CSR/161/E). World Health Organization, Regional Office for the Eastern
Mediterranean.
Williams, S. T., and Lanning, S. (1984). Studies on the ecology of streptomycete
phage in soil. In: Biological, Biochemical and Biomedical Aspects of
Actinomycetes (pp. 473-483). Academic Press. Orlando, USA.
Williams, S. T., Mortimer, A. M., & Manchester, L. (1987). Ecology of soil
bacteriophages. In: Phage Ecology (pp. 157-179). John Wiley and Sons
Incorporation. New York, U.S.A.
Williams, S. T., Wellington, E. M. H., & Tipler, L. S. (1980). The taxonomic
implications of the reactions of representative Nocardia strains to actinophage.
Journal of General Microbiology, 119(1), 173-178.
Winn, W. C. (1988). Legionnaires Disease : Historical Perspective. Clinical
Microbiology Reviews, 1(1), 60–81.
Zain, A. A. (2017, July 4). "Flying to Dubai? Legionnaires' disease warning issued".
Khaleej
Times,
[Accessed
18
Nov.
2018].
Available
on:
https://www.khaleejtimes.com/nation/dubai/flying-to-dubai-legionnairesdisease-warning-issued

91

Appendices

Appendix 1
1- Peptone-yeast extract calcium nitrate (PYCa) (Bradley et al., 1961)
Peptone

5g

Yeast extract

3g

Calcium nitrate

0.5 g

Distilled water

1000 mL

Agar

20.0 g
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Appendix 2 Protocol of Easy phage kit
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Figure 14: Bacterial stain of the Easy phage kit

Figure 15: Easy phage medium-100
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Figure 16: The Easy phage kit
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